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ERRATA
to
Report AFRPL-TR-72-48

"Melting Characveristics and Bulk Thermophysical
Properties of Solid Hydrogen"

Make the following changes:

On page 7, line 4, change, "in Appendix (D).", to, "in Appendix (E).

On page B-4, add Table B-1 (attached) by removing the gummed backing
and pasting Table B-1l onto page B-kL.

On page C-3, third paragraph, first senience, change, "... are given in
Appendix (A)." to, "... are given in Appendix (B), Figure B-1, and
Appendix (C), Figures C-3 and C-4."

On page E-1, third paragraph, second sentence, change, "... must resort
to a discriticized ..." to, "... must resort to a discretized . ."
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FOREWORD

This report was prepared at Gruwman Aerospace Corporation, Advanced Develop-
ment Section by William Contreras and Mansuk Lee, under U. S. A. F. Contract
No., FOk611-71-C-0063. Others who contributed to the study and the prepara-
tion -of this report were C. R. Hedberg, Noel P, Bannerton, C. Y. Huie, Dr.
R. H. Thaler, and Dr. R, S. Thorsen. The contract was initisted under Pro-
ject No. 3058. The work was administered under the direction of the Air
Force Rocket Propulsion Lab., Edwards Air Force Base, with Mr. Peter A.

Van Splinter (LKPD) as initial Project Officer, followed by Mr, John E.
Branigen (LKCC) as Project Engineer,

This report covers work from July 1971 to May 1972 and was submitted by the
authors in May 1972. This is the final report under Contract No., FOL61l-
71-C-0063.

This technical report has been reviewed and is approved.

/8/ John E. Branigan
Project Engineer
AF Rocket Propulsion Laboratory
Edwards Air Force Rase
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ABSTRACT

The thermal conductivity (K) and the melting characteristics of solid
hydrogen (SH,) were experimentally determined, The thermal diffusivity (a)
was derived from the thermal conductivity values. Determination of the solid
melting characteristics required the measurement of appropriate thermodynamic
parameters and fluid flow rates needed to describe the melting of SHy in terms
of an overall heat transfer coefficient, operating conditions and initial solid
gecmetry, Correlations were found for melting characteristies and also for
thermophysical properties (X, « ). Correlation formulas for the melting character-
istics were corrected to permit sraling the melting experimental data to rocket
tankage situations.
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English
Ao Initial solid surface exposed to gas.
a; Tri-diagonal matrix coefficient.,
b =ry=Ty Annular thickness of the solid,
bi Tri-diagonal matrix coefficient.
C Specific heat at constant pressure.
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e, Tri-diagonal matric coefficient.
<, Correction factor.
D Diameter of the solid hydrogen,
di, Faoctored matrix element.
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e = emf Voltage output
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F Function
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fi Inhomogeneous vector.
G Function
gi Intermediate solution vector,
h Enthalpy
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I Result of integration
Ki Thermal conductivity vector.
L =V/A Conduction length
L Inital height of the solid proportional to convection
s length
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t*

Je

=(r-rl)/b

S e I

Exponent

Total mass integrated with respect to time

Exponent

Mass flcw rate

Total number of intervals or total number of cycles
Exponent

System pressure

Volumetric flow rate

Total heat leak

Heat transfer rate

Gas constant or radius

Radius

Dimensionless radius

Temperature

Temperature corresponding to the time-averaged enthalpy
Time measured from the reference point

Melting period

Specific internal energy or overall heat
transfer Coefficient

Initial solid volume

Specific volume

Volumetric flow rate

Ratio of total incoming gas mass to total initial solid mass
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Greek Symbol

a Thermal diffusjiwvity oy the solid hydrogen

a Difference

§= rl/b Dimensionless inner radius

éh Superheat or subcool

0 Experimentally measured temperature

A Latent heat of fusion

A' Enthalpy difference combining the latent heat of
vaporization and liquid sensible heat

P Density

T= t/b2 Scaled time

Subscripts

¢ Cooling process

cv Control volume

corr Corrected value

g Gas

h Heat process

i Spatial index in the numerical integration, index or inside
J Time index in the numerical integration, index
LV Liquid-vapor interface

Y 4 Liquid

o} initial, outside and reference

s Selad

SL Solid-Liguid interface

T Total or tank

1 Incoming fluid or inside radius

2 Outgoing fluid or outside radius
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SECTION I
INTRODUCTION

The objective of this program was to determine the thermal and heat
transfer characteristics of solid hydrogen (SHQ) in order to obtain melt
rates. This required the measurement of the thermophysical properties and
melting characteristics of bulk SHp.

Date describing the melt rates of SHp are nseded for the engineering de-
sign of feed systems for SHp rocket propulsion systems., Slow melt rates ecould
critically limit the rapid €low of ligquid hydrogen required for boosters and

some primary propulsion systems; very high melt rates could make the liquid
hydrogen flow uncontrollable,

Theoretical considerations indicate that SHp has the large values of
thermal diffusivity (a) and thermal conductivity (K) needed to achieve high
solid melting rates. The data gathered in this program tend to confirm
these indications,

TR
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| SECTION II

SUMMARY

I TR R

The results of an analytic and experimental study of the thermophysical
properties and melt rates of SHé are presented.

T T

The analysis included the following:

TR

e Thermophysical properties: A procedure to determine conductivity and
diffusivity was developed

e Melting characteristics: Overall heat and mass balances and thermo-
dynamic parameters were used to investigate melting,

TR TR T T

The experimental program consisted of the measurement of appropriate para-
meters. It included:

arotaierid voipeted

e Thermophysical properties: Temperature profiles were measured at
different locations inside the solid during cooling and heating

e Melting characteristics: The flow rate of liquid hydrogen (LH?) re-
sulting from the melting of SH2 and the condensation of gaseous hydro-

gen (resulting from its use as a source of heat) was measured, as
were other thermodynamic parameters such as pressure znd temperature
of fluids in and out of the solid hydrogen cryostat.,

The values of thermal conductivity and thermel diffusivity were derived
from the temperature profiles measured during the thermophysical experiments.

The melting data were organized in accordance with theoretical considera-
tions made evident by the preceding analysis to establish correlations among
the initial length of the SH2, the hot gas to solid mass requirement for

adeguate flow of LH2, the pressure level of the system, the superheat of the

entering gas and subcocling of the exiting liquid, and an overall heat trans-
fer coefficient.
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SECTION III
DISCUSSION - THERMOPHYSICAL PROPERTIES

1.  GENERAL

The advantages of storing cryogenic propellants, particularly hydrugen, as
a solid have been demonstrated at GAC and elsewhere (1, 2), However, because
liquid must be fed to the engine, the advantages of solid storage can be ex-
ploited only if the technological difficulties of melting the solid and trans-
ferring the resultant liquid upon demand can be overcome.

On the other hand, melting of solid hydrogen, especially when the solid
temperature is below its melting point, is heavily dependent upon the solid
thermophysical properties, namely thermal diffusivity for the transient heat-
ing period and liquid thermel conductivity during the steady melting of the
solid, Existing thermal conductivity data both near triple point temperature
and below is very scarce. This data has been obtained for very carefully
formed solid erystals, free of imperfections. For solid hydrogen formed under
nonlaboratory controlled conditions one may expect imperfections such as
occlusions and cracks, especially as the solid is cooled down below a certain
temperature; resulting hairline cracks act as thermal resistances to the flow
of heat throughout the solid. For this kind of bulk solid hydrogen no
thermophysical property deata exists at present.

Thermal conductivity, a dimensional parameter appearing in the equation of
transient heat conduction, is important in heat transfer problems in which
conduction dominates; the same is true of the product pc which also appears
in said equation. Furthermore, the ratio of the formet to the latter quan-
tities when properties are constant, known as the thermal diffusivity (a) of
the naterial, determines the time scale associated with the material response
to temperature distu. rances. Various measurement methods have been developed
to determine these properties, each with experimental techniques best suited
to particular material characteristics, Common to each method, however, is a
computational procedure based on the use of the heat conduction equation,
supported by appropriate temperature and heat flux measurements.

Although different procedures are required for determining thermal diffu-
sivity of different materials, there is a general approach to these measure-
ments. For a steady state condition, if thermal conductivity is determined
experimentally and specific heat and density are known, diffusivity can be
computed, Alternatively, transient methods using the unsteady form of the
heat equ. ;ion with constant thermophysical properties can be used to deter-
mine diffusivity directly from computations tased on measured temperature
histosies without the need for heat flux measurement. In selecting a suit-
able method, severe low-temperature solid hydrogen storage restrictions pre-
clude the use of any experimental techniques that require the placement of
the SH, oultside the dewar., Techniques incompatible with the solid hydrogen (5)
storagé facility (laser noint scurce methods (3, h), and line source methods
are also precluded. All indirect methods based on the determination of
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conductivity in steady state experiments require heat flux information.
These methcds are unacceptable because of the difficulties associated with
heat flux measurement, identification, and control. Consequently, only
transient methods can be considered compatible with the experimental con-
figuration and the overall restrictions imposed by the low-temperature, low=
pressure, storage environment,

Transient measurement schemes may be classified according to the periodic
or monotonic nature of the experimental temperature variations and according
to whether the material has a constant or temperature-dependent diffusivity.
Regardless of the temperature dependence of thermel diffusivity, computations
based on a temperature-independent thermel diffusivity may be of value in
establishing average diffusivity. Alternatively, if measurements are made
over sufficiently small temperature ranges, thermal diffusivity mey actually
be a weak function of temperature over the range of experimental conditions
and therefore may be regarded as a constant, Unfortunately, this is not the
case for solid hydrogen.

The non-linearities appearing in the heat equation as a result of the
temperature~dependent properties preclude the construction of exact solutions
by classical methods. Therefore either numerical or approximate analytical
methods must be used, Analytical forms are more convenient to handle; how-
ever, numerical schemes are more flexible in treating non-linear properties
and general time-dependent boundary conditions. Congequently, an accurate,
stable numerical scheme capable of treating both the non-linear property
variations and the measured transient boundary conditions was implemented (6),

Analytical solutions corresponding to experimental conditions for the
case of constant a may be obtained by a number of methods (7). For the more
complicated case in which a is tempersture dependent, this procedure is not
applicable because of “the difficulties in treating non-linear heat conduction,
which must incorporate a diffusivity function of unknown form.

The problem of determining a (T) may be resolved by constructing the com-
plete diffusivity function. This is done by assuming that the diffusivity
is constant within small temperature ranges, and performing experimental
tests over a series of these small temperature ranges., The validity of this
approach (8) shows that « mey be assumed constant to the first order within
the total inital temperature differences in these tests, if the initial steady
condition is one of uniform temperature. Consequently, the complets diffu-
sivity function can be constructed over a wide temperature range using the
simple constant techniques which becomes applicable in each step of the con-
struction process. On the other hand, acceptable first order accuracy in
regions in which a is a rapidly verying function may require very small
temperature differences. In this case, the linearized construction process
nacessarily consists of an appropriate average of one diffusivity curve based
on stepwise heating and a second curve based on stepwise cooling.

To confirm the quasi-linear construction process, the thermophysical prop-

erty functions may be incorporated in the following variable property heat
equetion applied across the complete temperature range:

Pmem 2= v (kD) V 1)
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Computed interior sclid hydrogen temperatures obtained from the solution
to the non-linear equation, together with the constructed diffusivity curve
from which we can obtain X(T) may be compared with experimentally monitored
hydrogen temperatures, Agreement of the computed and measured temperatures
implies the validity of the property data used for the computations over the
full temperature range.

Confidence in the accuracy of the numerical scheme was esteblished by com-
puting the transient temperature for conductivities of the form k = constant
*P°, Since steady solutions are easily obtained analytically, those were
compared with long time transient computer solutions. Three-significant-
figure accuracy is obtained with ten interior mesh points.

Part 1 of this method c8nsists 8f an indirect measurement of a at the
discrete points between 10 and 25 R, This is accomplished by a comparison
of an experimentally determined temperature history ~” s0lid hydrogen and
computed temperatures with boundary and initial conditions corresponding to
experimental conditions. The thermophysical property XK, necessary to the
computational scheme is constructed in a sequence of five (5) preliminary
experiments. These preliminary experiments, based on an assymptotic analysis
for small temperature perturbations are designed so ‘that the thermal trans-
port process may be described using constant thermophysical properties
(evaluated at the initially uniform temperature of the solid in each experi-
ment). In each of these five experiments, the uniform temperature is es-
tablished by control of the heliug flow rate. The solid boundary temperature
is then given a small change (0.2 R max.) using the helium flow rate and the
dewar Jjacket pressure control and is continuously recorded until a steady
temperature is reached, Three interior test section temperatures are like-
wise recorded. A comparison of the recorded and computed temperatures im-
mediately leads to a determination of a and X corresponding to the uniform
initial temperature. In this mamner five values of a and K are obtained
between 10 and 25°R.

Using these constructed values of K as an initial approximation, part 2 of
the procedure consists of correcting the initial approximation to K/T), again
using a comparison of measured temperatures and computed temperatures. How-
ever, the solid is now subjected to a full temperature difference of 15 R
and in this case a non-linear computational scheme must be used. The func-
tional form of K(T) required to obtain agreement between computed and meas-
sured temperatures is then determined to be the actual conductivity. The
thermal diffusivity is finally obtained using published pc data.

The 0.2°R temperature change was selected from an estimate of tolerable
temperature measurement error assuming a 15% error in « at 10 R as shown in
appendix (D). From the T.C. calibration curves, 0.2 R change corresponds to
approximately 2.5 microvolts., The best multi-channel strip chart recorder
availablefor this program records 2 micro-volt/division. Furthermore, be-

ause of high amplification factor, the noise level of the recorder is about
=1 micro-volt which negates its use for this application.

Because of instrumentation difficulties as well as the inability to main-
tain an inital homogeneous temperature distribution within the solid as pre-
scribed analytically, the above "construction method" was not sucessful, In-
stead, a revised technique designated as an "inverse" finite difference pro-
cedure had to be devised which obviated the need for very small temperature

ARB T AR 200 2P T NI o ol o A T
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excursions within the solid as required by the previous technique. The net
effect 8f this new approach is to permit rather large temperature excursions,
i.e., 1R, which relaxes the high resolution requirements of the instrumenta-
tion to be used. This new approach designated as an "inverse" finite differ-
ence procedure is an alternate method for the direct determination of the
thermal conductivity K(T) of solid hydrogen (SH2). In this alternate method

the measured SH2 temperature may be considered to be the "output" variable

corresponding to a "control" variable K(T). In this case one requires that
X(T) be determined so that the difference between the measured temperature and
the temperature computed using the heat equation

Pmc@ - v (k) vl
with boundary conditions
T(R;, t) = T;(t), (R, t) = T (t)
and initial condition
7T (r,0) = To(r)

applied to the region occupied by the SH., be as small as possible. This
criterion may be expressed as the integral condition,

t 2
I(t) = [O (r,t) - T(r,t; K(T)) ] dt = minimum
0

where @ is the measured temperéture at the point r and T is the computed
temperature at the point r, which depends on K(T).

This integral must be minimized consistent with the heat equation con-
straint, which requires that admissible functions T(r,t: K(2')), must be
solutions to the heat equation together with the associated initial and
boundary conditions.,

Applying procedures from the theory of optimal control, one can justify
formelly the intuitive result,

T (r,t; K(T)) = 6 (z,t)

that is, applying the correct thermal conductivity function K(T) in the com-
putation of T {r,t; K(T) will insure the equality of the measured temperature
6 and the computed temperature T, Consequently, what may be considered an
inverse finite difference procedure is obtained if the heat equation is ap-
proximated over an interior net (grid) corresponding to actual thermocouple
positicns. The resulting N simultaneous equations may be used to solve for

N functions

K (8, (8)) 4 =1,2, ...

where Oi (t) represents the measured values of the temperature at position i.

The parf@meter t may then be eliminated between K (0, (t)) and 0, (t) to ob-
tain K (6,). In principle, all the K (0,) are equivalent; however, due to
truncation errors inherent in the finite difference apnroximation and errors

6
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in measuring and recording 6, (t), this may not be the case. The final X (T),
will therefore be presented is some appropriate mean of all the X (6.). The
numerical scheme developed for the direct determination of K (T) is’shown

in Appendix (D).
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o 2.  TEST PROCEDURE

4 é‘f

3 %@; a. General

Cow . ; : 4 i

E‘ %g; Experiments were performed to investigate the thermophysical properties

S of solid hydrogen. If the solid is subcooled below its triple point, specif-

3 %3‘ ic knowledge of the thermal diffusivity and consequently of the thermal con-

- S ductivity is required to properly predict the solid melting rate; if the

% solid is at triple pcint temperature, knowledge of its thermophysical prop-

o0 erties is inconsequential,

£

gi @?; Solid hydrogen was made using the Grumman owned and designed solid hydro-

£ gen cryostat, The procedures followed during assembly and checkout of the

] ?%} overall facility are enumerated step by step in (9). Description of tests

%— §ﬁ3 are narreted, beginning after the final preparation of the facility has been

§ ?;f completed.

% %7,

& B Liquid hydrogen is introduced into the cryostat after the system com-
O prising the cryostat and all the gas and liquid transfer lines has been

¥ vacuum-pumped down to a pressure level less than 5 microns; chill-down of

g the system is continued for some time until eventually a desired liquid level

inside the H2 dewar is ob%ained.

The cryostat is composed of three regions; an inner region where the
hydrogen is solidified, a middle region (annular space) which shields the in-
ner region, and an outer region consisting of two annular spaces. The mid-
dle region is evacuated and the first annular space of the outer region filled
with liguid nitrogen to minimize ambient heat leak to the inner region while
the remaining annular space is evacuated in order to minimize environmental
heat leak to the liauid nitrogen bath. In addition, LN. cooled radiation
shields located at the top of the cryostat are used to clit down conductive
and rodiative heat leak from above into the experiment.

NN ey TRy
RS A SR

¥
% After the desired liquid height has been achieved and the system is in
2 - thermal equilibrium, liguid helium is allowed to flow into the LHe heat ex-
i changer, which is submerged in the liquid hydrogen bath. Removal of sens-
ible and latent heat from the liquid hydrogen by means of the liquid helium
refrigerant, eventually permits solid to begin forming on the heat exchanger
. surface. The solidification propagates radially outwards, towards the glass
LY wall of the cryostat, resulting in an annulsr cylindrical column of solid.

During the freezing process, a constant pressure slightly above atmo-
spheric is maintained in tne liquid hydrogen by the continuous addition of
gaseous hydrogen, A dip tuve provided at the bottom of the cryostat for the
draining of melted liquid hydrogen is oressurized with gaseous helium to
prevent liquid hydrogen from reaching inside the tube. This liquid, if
allowed to fill the dip tube from the bottom up, eventually freezes and plugs
the licuid withdrawal flow passage.

7
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Slow cooi-down of the liquid until freezing is completed results in all
cases in a very transparent and crack-free solid hydrogen; rapid cool-down
produces a cryopumping effect which results in a very porous, non-transparent
solid.

b. Measurement of Temperature Profiles

The temperature of the solid was varied by adjusting the helium flow rate
in the LHe heat exchanger from its freezing point temperature of 24.6 degrees
Rankine down to somewhere in the neighborhood of 7.6 degrees Rankine during
the ccoling excursion. The temperatures were reversed during the heating
part of the excursion cycle. The upper temperature limit was dictated by the
melting point, the lower limit by the cooling capacity of the heat exchanger
which utilizes liquid helium as the heat sink temperature.

The solid was cooled down redially outwards by the LHe heat exchanger;
it was heated radially inwards by heating the glass wall of the middle re-
gion of the eryostat surrounding the solid. The heat leak was easily con-
trolled by adjusting the residual gas pressure in the annular space between
the cryostat inner glass wall and the liquid nitrogen bath wall.

Temperature profiles as a function of time for several specified radial
and axial positions were continuously monitored during cooling and heating
temperature excursions. To achieve this, three arrays of temperature sensors,
each consisting of as many as eight thermocouples, were installed at three
different locations. These locations were chosen at three different heights
and two angular positions inside the cylindrical shell rogion of the solid
hydrogen. In this way, the uniformity of the temperature profile in the ax-
ial direction was checked along with its radial symmetry. In addition, a
few precalibrated germanium thermistors were installed near the thermocouples
to check the behgvior of the thermocouples against those of the thermistors.

Temperature excursions were carried out at slow, moderate and rapid
rates, The effect of the cooling or heating rate is noticeable in the cry-
stal structure of the solid; rapid cooling rates tend to crack the solid
almost immediately while slow cooling postpone the appearance of these cracks
until the temperature of the solid has been lowered substantially below its
triple point.,

Heating of the solid from liquid helium temperatures to its melting
point helps anneal the crack-filled solid and consequently eliminates these
cracks and occlusions; fast heating of the solid, causes extremely rapid
temperature varistions throughout the solid and makes the temperature measure-
nents more difficult and more susceptible to thermocouple time-lag errors.

———— e s+

3.  EXPERIMENTAL RESULTS

An inverse finite difference procedure as described in the thermo-
physical property determination analysis section was used to obviate the need
for very small temperature excursions within the solid as required by the
previously described "construction" method. Several runs were made in con-
Junction with this latter technique, but the results were not considered
satisfactory because of the magnitude of thg instrumentation error in measur-
ing thermal excursions of approximately 0,2 R. This is required for tolerable
aerror as shown in Appendix (D). The construction technique also required
maintaining an initial homogenous temperature distribution within the solid
at the start of each termal excursion. This necessiteted very fine

8
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first using a test case in which en arbitrarily simple temperature profile
Y J. for the solid was yrescribed. The actual temperature profile as measured
3 experimentally, was finally programmed into the solution and results ob-
tained as shown in Tables I, II, ancd III.

g §* experimental techniques not possible with the present cryostat. For these
: 7 reasons the construction method was abandoned after several experimental
4 P attempts.,

3
: i The inverse finite differance solution of the heat conduction equation
! 3 was successfully us=d to determine the thermal conductivity of solid and
¥ ; its functional dependence on temperature. Tne technique was developed by

e

A total of six (6) experimental runs were made, (Tables IV thru IX) of
which runs 8, 9 and 13B were selected on the basis of correlating trends.
: All other runs were discarded. From these runs cooling and heating curves
? were obtained by approximate straight line fit as shown in Figures 1 and 2,

The experimental bulk solid hydrogen curves obtained in this program
have been compared to reported experimental curves (¥, 12, 13) for very small,
annealed crystals, presumable free of occlusions. We found that two dif-
ferent curves could be cbtained from the experimental data, one for cooling
and the other for heating. In all cases the values obtained in this program
were lower than the existing ones, especially those obtained during the cool-
ing excursion. The presence of hairline cracks observed in the bulk solid
hydrogen during cooling helps explain the difference between this and other
reported values. From these curves a relationship for the thermal conductiv-
ity of solid hydrogen was ob%ained, one for the cooling of solid hydrogen
below its triple point, the cther for heating of a solid from a sub-cooled
condition to its triple point temperature. The values of thermal diffusivitya
were derived from the obtained value of K and from existing pC vs., T informa-
tion. The plotted values are shown in Figures 3 and 4,

- A
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cor aooling K, = 6.4 g -0.247T (1)
$C = hshh x 1070 p 3456 15.0 { T < 24.6°R

A = /° S5 =10.21x 10 *5 p "3.516 g -0.247T (2)

for heating k= 396.0 270359 ‘?3)
P = skl x 2070 g 3510 10.0 T < 19.5%

= K G = -3. -
oA = —-h-é- = OT.2 x 10+5 3 516 e 0.359T (Ll)

Instrumentation crror estimsien oi about +8% on the average temperature
of the solid rerresent an appro udnalie - ho% error in the calculated values
of the thermal conductivity.
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TABLE I THERMAL CONDUCTIVITY OF SOLID H2

CALCULATED FROM HEATING/COOLING TEMPERATURE PROFILE

(RUN N0, = 8 )

THERMAL CONLUCTIVITY TEMPERATURE THERMAL CONDUCTIVITY TEMPERATURE
(BIU/HR.-FT.-DEG. R) (DEG. R) (BTU/HR.-FT.-DEG. R) (DEG. R)

Heating Cooling

1.217 15.664 0.435 20,775
1.455 15.317 0.361 21.458
1.222 15.076 0.465 19.807
2.379 14,918 0.588 19.661
2.676 14.809 0.319 19.488
2.478 14,717 0.594 19.572
1.883 1h.622 0.552 19.589
1.069 17.636 0.645 19.571
1.130 16.771 0.503 19.524
0.582 19.367 h 0.588 19,45k
0.638 18.527

0.715 17.9%3

0.9%0 17.575 [

1.205 17.355

0.5Th4 19.284

0.640 19.030

0.676 18.849

0.663 18.908

0.725 18.631

0.391 18.991 |

0.511 18.807

0.596 18.581

0.635 19.061L

0.518 18.731

0.609 19.113

0.637 18.941

0.525 18.799

0.688 18.701

0.54k 18.967

0.390 18.833

0.4k46 19.175

0.466 19.078

0.352 18.993
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TABLE II THERMAL CONDUCTIVITY OF SOLID 1-12

CALCULATED FROM COOLING TEMPERATURE PROFILE

(RUN NO. =9 )

— O e m s e A st AN

THERMAL CONDUCTIVITY TEMPERATURE THERMAL CONDUCTIVITY TEMPERATURE

(BTU/HR.-FT.-DEG. R) (DEG. R) (BRTU/HR.-FT.-DEG. R) (DEG. R)
0.726 15.621 153 21.549
0.725 15,87k ‘ 156 22,553
0.805 17.384 137 23.310
0.081 ok .286 .126 23.826
0.081 24,410 .095 24,077
0.307 19.152 l 0.178 21.562
0.31k 20.658 0.192 22.512
0.284 21.943 | 0.184 23,240
0.133 2k, 365 0.195 23.727
0.259 20.591 0.189 23.953
0.236 21.855 0.130 22,477
0.236 22.881 0.122 23.196
0.198 23.645 0.125 23.677
0.181 24,136 0.120 23.899
0.133 2h.311 0.137 21.452
0.164 21.794 0.1 22.397
0.170 22.812 0.120 23.121
0.154 23.578 0.109 23.601
0.160 24,068 0.113 22.359
0.157 24,253 0.101 22.078
0.140 21.7k9 0.095 23.559
0.143 22.764 0.101 23.528
0.125 23.527 0.117 23.747
0.127 24,016 0.152 21.365
0.112 2L . 200 0.165 22,263
0.122 22.680 0.155 23.002
0.102 23.h48 0.162 23.473
0.088 23.948 0.15h 23.67h
0.247 20.29 0.154 21.340
0.231 21.616 0.165 22.257
0.235 22.616 0.157 22,956
0.097 23.380 0.16k4 23.518
0.169 23.889 0.19% 23.616
0.097 2k, 117

15
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TABLE II THERMAL CONDUCTIVITY OF SOLID H2

CALCULATED FROM COOLING TEMPERATURE PROFILE (Cont.)

! (RUN NO. =9 )

THERMAL CONDUCTIVITY TEMPERATURE " THERMAL CONDUCTIVITY TEMPERATURE

& (BTU/HR, -FT.-DEG. R) (DEG. R) (BTU/HR, -FT.-DEG. R) (DEG. R)
0.143 21.318 0.176 23,200
0.155 22,223 0.163 21.096
0.151 22,911 0.170 21.924
0.158 23,364 0.156 _22.5h7
0.153 23.559 0.159 22.959
0.167 21.295 0.1%1 23.146
0.179 22,187 0.181 21.051
0.169 22.863 0.179 21.870
0.172 23.309 . 0.148 22,491
0.16L 23,501 0.123 22,906
0.229 20.176 0.182 21.003
0.216 21.257 0.188 21.813
0.224 22,136 0.166 22,431
0.205 22.803 0.154 22.852
0.203 23.245 0.11C . 23.073
0.177 23,440 |
0.195 21,213
0.207 22,081
0.191 22,740
0.196 23.177
0.177 25.376
0.165 21,184 h
0.179 . 22,038
0.175 22.686
0.180 23.117
0.173 23.315
0.163 21.160
0.175 22.002
0.170 22.639
0.175 23.062
0.166 23.257
0.159 21,131
0.169 21.965
0.164 22.594
0.177 23.010

16
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TABLE III THERMAL CONDUCTIVITY OF SOLID H,

(=4

CALCULATED FROM HEATING TEMPERATURE PROFILE

(RUN NO. = 13B)
THERMAL CONDUCTIVITY TEMPERATURE 1| THERMAT, CONDUCTIVITY TEMPERATURE
(BTU/HR.-FT.-DEG., R) (DEG. R) (BTU/HR.-FT.-DEG. R) (DEG. R)
T.537 11.334 0.910 17.821
7.821 11.250 0.927 17.443
8.210 11.128 0.781 17.372
4,029 132,00k 0.558 17.302
5.482 12.808 0.883 17.621
5.476 12.663 0.697 17.576
2.567 14.506
2,618 1,202
3.130 13.978
2,926 13.804
3.830 13.679
3.287 13.586
3.354 13.508
1.494 15.376
1.464 15.039
1.635 14,781
1.523 14.578
1.840 14,428
1.637 14,315
1.709 1h.227
1.587 16.172
1.516 15.940
1.718 .15.758
1.639 15.615
1.842 15.505
1.795 15.425
1.632 15.363
1.203 15.31%
0.571 18.169
0.598 17.838
0.722 17.598
0.683 17.b17
0.910 17.292
0.789 17.203
0.854 17.138

17
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TABLE III THERMAL CONDUCTIVITY OF SOLID H,

CALCULATED FROM COOLING TEMPERATURE PROFILE (Cont.)

(RUN NO. =13B)

THERMAL CONDUCTIVITY TEMPERATURE THERMAL CONDUCTIVITY TEMPERATURE
(BTU/HR.-FT.-DEG. R) (DEG. R) ll (BTU/HR.-FT.-DEG. R) (DEG. R)
0.386 18.054
0.677 17.980
0.779 17.578
0.hl7 17.629
0.k17 17.669
0.778 17.48L
0.549 17.549
0.51k 17.60k4
0.872 17.472 “h
0.872 17.522
0.804 I7.557
0.713 17.572
0.660 17.564
0.583 17.530
0.916 16.628
1.086 15.470
1.093 15.565
1.107 15.643
1.095 15.707
1.156 15.758
1.004 15.759
0.984 15.834
0.793 15.862
1.377 15.405
1.337 15.487
1.306 15.558
1.265 15.619
1.225 15.669
1.059 15.712
1.017 15.747
0.660 15.776
0.503 15.799

18
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3200 =1187 194216 «1190, 19,321 =1142, 194321 =1i%1, avedel “i11d0e 19es¢i =lisve lvedcs
130, 2R LLYY 19,9 =11%Ce 19,321 =1162¢ 19.321 =11%1, 194321 “l1200 Iessd =llive IS
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TABLE V THERMOPHYSICAL PROPERTY TEST [ATA (RUN NO. 9)

3
: THF FADIAL PDSITIONS OF THEWUNCOUBLES ARE ‘GIVE': MELOW IN INCHES gepr oduced from
: est available cop
’ =1 2 1 e Py £ Y.
g 0o 750 l1e31% 14994 1e876 20639 Jel2y
; TuE AASE EVFLeL 1) AT THE w2 VELTING POINT OF 246 DFGe ¥ FUR CACH THERVOCOUPLE IS Glvis WELUW
: Fml [0} 4 Fulle EvHe Lagd tMdb
1 (iCovy (»3CeV} (v1Cev) (viCeV) tHiCeV) t8CeV)
¢ =11ns, ~112%, *1076, =lille “ivble ~19vle
4 TAAASTENT REHAVIONS OF SIK(S) THERMOCOUPLES ARF GIVFY AELOS IN TLR4S OF EMF AND TEMWERATUAE
TIvE [ n £VF2 T2 FYFls tie EVFe Te (X3 1 EMre To
o ($EC) 1:1Cev) (DFGa"} {4iCeV}) (OFGoeR) tu3CuV)  (DEGeR} (MICeV) 1DEGeR) IK1CeV) ULGeK) (MICev)  (DEGK)
De «1267 106412 “l213% 194262 «11%6. 160316 =llole lWeT¥4 =1iate 19¢330 =lia0e  dYeuni
10, ®12606¢ 10412 1219, 156242 «1157, 164208 =}lode 8¢ T04 =iilne ., lYe536 wllele aveda0
7% «1240, 100412 *12140 150139 ~1157% 164209 1169 Lhen?? =1il8. 19536 =ll42e 1Yeb¢o
M0 =1237e 106734 =12:2, 15435C «11%% 166630 ®1161. iVe536 =lulde <IendY «ludTe ¢4eld0
ohe =323 11056 =1208. 15.779 =l147e i17.2682 o156  20eDIZ =lGl8e  23082Y =lUvbe LheilbL
0. =123 11e217} ©i202¢ 16482) 1142, 17818 “1192¢ 200502 =lJlde 23082y =jU¥be  (4el00
ADe «3231. 110978 oli98, 164352 =113°, 1¥e264 ®lléYe  200uc4 1079« 236122 «lUvbe dUeibu
100 =12%1. 11978 «1197, 16960 =113h, 194662 *li6Te dledsy =lJlve 23e742 «ldyTe chedd0
A0e =231+ 1led78 ~1196. 17067 «11%6¢ PY YT T4 elleve  dhelbd «l0lve L30¢¢ =luvle checO
MNe 12N 11370 *1196¢ 17567 ‘ll”c‘ 1084%70 wllebe Lleld =019 230742 «l0¥7e chedde
100e =1231¢ 114978 11960 174987 =11%% 186570 ollade  Ldleléb ~l079% 23ele¢ «lu¥le (%edd
110 =123%¢ 114928 «l196s 174067 “113% 18570 wllabe Llelbb “iUlve  23eld¢ elu¥le  checud
120, =123, 11970 «}1968, 17,067 «]13%, 154%7C ollabe  2lelbb *luT9e  23e72¢ *liVbe  akesdld
18 LY =123%¢ 11ean¢ 1196, 177267 «1136, 104862 ®ll6Te  21led3H *10dle  ¢3e307 =lUuyde dweldl
1604 =1230¢ 136406 =31197: 15980 «1136. 186462 elleBe  £0e¥31 *lJ¥ee 23040 alyyVe  L4esvhs
199 =1229¢ 11593 «1197¢ 164980 «1137, 18435 ollelle 206931 “lCe3e Lol =iV¥%e <oy
169, «122R 116722 =196, 17.067 -1137 18.3% LI RLL PRI T P U) “lUhe dIel¥d «l0¥9s  dGalbe
170, ®1227« 1len0N0 1198, 17.067 =1137, 186355 ®1l6Ye 200424 =l0hbe 234380 =lli0e <3e¥i0
1%0e 12360 11013 «119% 12176 =1136. FUTLY ¥4 ®lléVe  QUeulb «lubbe l3elud «llile <23e¥ib
190. =1225 12022 «119%. 174176 =113¢6, 106462 alleYe 206876 ~lotde  <23evTH wlivie caeucy
200 «122%. 12,022 1199 1717 =1136¢ leebb2 ®ll%0e 2Te716 «l08% <3eITH =llvle c3eb¢Y
2106 «1224s 122130 =1195%¢ 176176 =1137, 10435 ell%e dUellb «lUgde 23eLT8 =llvde <c3elée
270, @122 12.1%) «119%, 17.17 “1137e  1843% *115%50e 20e/16 =i0sbe  24e¥T0 =liv¢e 43e0le¢
240, «122%, 172297 ~1195% 176174 «1137, 184359 ®lidle 200609 =lJabe 224970 ellvie diebie
2400 -122% 12.207 =119%, 171746 1137 lhedd ®li%le  2Je60Y =1Cube 220910 ®lldide cIebiw
240, =1229, 12,237 «1199, 17176 ~1197, 10e3%% ®l19le  2Ve629 =l04Te  ldeubd olivhe cIedV!
260¢ «122% 124237 =}19% 1Tel7a «1137, 183%% ®1i%le  £&JebDY “i0gle 240136 =Llivde daebuv
27106 «122% 120297 =119%, 17174 =1187. 1%ed55 «1152e dVeYV2 ~lud¥e 27eb4b =llube cded¥¢
200, =122% 12207 =119% 17174 1197, 166395 olldde  LUNSD2 ~ltYVe  ddedbl “llule  <3el0d
299, «122% 12.2%7 «119% 17176 L38% 11 Tes26y w1520 D69 =l0%he  LLeb3b ®lluoe  d3evily
ALLTY «1223, 12,297 1198, 17176 ~1118, sle2bn «l19%3s 200396 “i{vle 2L0326 ~lluge 2aeuld
1 «122% 12237 =1195. 17174 23S LY 10264 “li%3e 40636 =l073e  LlechY wlluYe Ceedly
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§ : TABLE VI THERMOPHYSICAL PIOPERTY TEST DATA (RUN NO. 10)
G E
# Te€ AADLAL, ANsITIONS OoF THEAOCOUPLES AQE Gluiw MELOW IN INCHES
;% R} ] e o RS Re
2 de?%71 14311 Led9 1876 s 20439 Jeldd
; ThE BASE FF(af N) AT TWE N2 “ELTING POINT OF 24en DFGe R FOR EACH THERMOCOUPLE IS GIVEN dELUW .
R {34.] [ H FirAle EYRe (3 H] LMpo
AN [ {18} (" ICeV) vICov) IMICev! (MiCoV} (MICaV)
Y de =109%, 1993, “1099, «1085: ~lUv2e
. TRANSIEST AFHAVIONS OF SIxN(6) THEAMOCONPLES ARY GIVEN AULOW 1IN TERYS OF EMF ARD TEVPLRATUAL
. !
! .
‘ Tive €F] 13 ivee 12 Fifle 116 EVFa Te EnFS 15 EVr o Tu
’ 1SEC) (" 1Cev)  (DFGL")  (M1CeV] (DEG,AR) ICOVE  (DEGORI  (BICoV)  (DEGer)  141CaVI  {ULGWRI (4ICeV)  tutuen)
s 0o Ne000 =l189, 17389 w156, 180100 ~lldy, 19453 “illiVe  2eesiy “llYUe  dhoUun
20 Ne 74000 «[16% 1T.309 =1198,  In,len “lidve  (Fen2y =lis0e  <deeiy ~bidle  s4elen
&0, e Nenan =1180, 15719 =1l67, 164960 =1140, idedhy *ilile LLLY%Y4 ~li0e Lbhabs
L1 Ne N 000 =11% . 36,278 =112, 190390 T4, 6o 745 =ilile  2lesbl “llGle caevi0
AGe e 24000 *1200s 134432 =1109,  leed98 . ®1l82e  Sewus =licve 200480 ~llule  cae¥s0
' 100 De 2870 ®12%72¢ 134418 =11920  lhe278 *l186e 19,457 =ll30e  1Yeu¢n “livle c3eva0
129 Qe JeN00 =12C% 134310 »li96, 160002 *llEY, XX ¥ RIYLT'N ibevyy “livle  s3evau
14se O L L] *l2C4e 134203 =119%, 134956 =1i%2¢ l4edls “ilebe UV “1ldle  L3eYau
1ANe - N Ne0n0 =120k 124989 =1197, 13780 »l1%6, Lo st *i}3ie 1leuil =liule £3e¥I0
1406 Ne Azanp =1208. 126776 1216, 134418 *i200e  i3e¥he 1160 sbewde =llvie cL3evav
200 Ge 0NN wl21Ce 324597 -l2ny, 134290 =205 Laeble =lille 1%01¢ “lly7. d3ed¥¢
22h L 13 34018 ®l212. 124264 =3206, 12e77 ~12l llet8l “{lede lbesy} wllsi, évedud
g fie 04970 ®l21s, 1210 -l209, 12448/ “l213, 120599 a2 ¥} Y 13e03¢2 «iilde dbesur
260, Os 2,000 “l2i6s 11,9} 1212, ideld0 “ldlle adad ) “4iv7e ITXY 1YY “livse leedue
PLDTY Ne Ne2N0 =1218s 114790 w1214, 114919 *122Je  llaw0¥ ~lduve Lot *1¢0% 1ol
390 e Zen0C =122Ce tlebitd *l217 11e593 ~1éd2e 11e593° ~1é07, llsodn “léade dcovce
320 Do Je00 1221, 114378 . =213, Iy Ty =ll2be Lles7d “l¢lUe 1lebut “lisle deebhay
3e00 Oe 6000 «j221s  lledMe «121%.  lledV¢ 14200 llesT8 =idlle 1lejlv =lélBe  1leslo
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TABLE VII THERMOPHYSICAL PROPERTY TEST DATA (RUN NO. 13A)

f. THE RADSAL PNSITIONS OF TWERMOCOUPLES ARE GIVEN AELOV IN INCHES

N R2 als "R RS Ré
007%0 10313 10396 1,876 24439 3012

THE BASF EWF(OEYA) AT THE M2 “ELTING POINT OF 24e6 DEGe R FON EACH THERVOCOUPLE 15 GlIven BELUW

] reny £ve2 EvHIe Evas m T LMee
; ICe? NICeV) R 1MICeV) INICoVI 51CaV1
ne 1099, «1003, 1096, ~10060 “1093e

TRANSIENT AEHAVINAS OF SIXLG) THERMOCHUPLES ARE GIVEN BELOW IN TERMS OF EMF AND TEMPRNATURE

. TIvE evr) n (344 ] 2 EvFla 116 EvFe T4 LYFS £ cMF b 1Y
4 (£ 114 (vICev) (INFRR) 'a1Cov)  (DFGOR) (21Cev) (DEGeR! 141CoV)  {UZOeR} (MICeV)  {DEGOR)  (AlCeV) (utuen)
g
4 0o Oe N9 ®l12%e 134400 «110%. 13934 @l1179e  1de71¥ =)idle  UsONR al0v7e qbebls
10, e "e?0 «1207¢ 13e310 ®lifbe 134847 . =ll¥De ibeb72 =133 19esd¥ 21077e  <4eb?d
g e e 04000 «1208¢ 136203 =LIAT 134740 ellBle  1deB04 lldde  Ivebes  =luvle  duesls
, 0o Qe 14040 ®1209¢ 13096 wllas, 134632 ®)ll82e¢ 150457 =1337¢ 19ebg8 elo¥Te  chebla
E, 40¢ 0o 039 «1209, 13.79% «1109,, 136328 ®ll¥de 15350 «l139: 194216 el0vle c4eb?
2 e Ce 04070 «1213s 12,990 1189 134325 wlltee 154202 elieie  LVevy9 “lurTs  cnebls
L) Oe QN0 ®l211s 124000 «ll9%, 136618 oll8% 1913 wilbde ldebve @lUyTe chowld
o 10, L Y6090 o121ls 1de80) =i 134310 ell87. 460920 ®lakde loed70 «lGvde  cheibb
Ahg Qe 94900 212 12770 =119l 134310 =l198s leodll ellele  l8edD =ludbe dlesvd
A Mo L 2000 *121%. 20680 «1191e 136310 ®l18%e 1heTCH «lleYe  lBedd0 ®l0¥%e  «c%ecd0
109, Qe Ne00C »121% 12.660 1192, 130203 =119l laewdl =la3le 1Teved oliCle chaune
11% e 0e0°0 ol2l6e 124999 =115, 13798 =1192e lee278 =l15%e 170004 elivbe  L3eTéc¢
120 Ne 0009 ®1219%9. 124492 «3194, 120908 «l19% leeNb2 =1150. 1Tedls olijbe «o0d¥e
199, e Ne)22 el1217. 124237 ~1196¢ 126774 el198e 13760 “iinde 1ot ellide  ldel
1460, e 2.9%0 «l210, 1441392 «1198, 124999 eliNde 136310 4l 19880 wllcle’ <doovl
199 Ce De%0 ®1221e 1lieM08 «17202¢ 126130 ®1¢d7e 12776 wilis0e ibenid ellsde ¢leave
1A0, Je Ne80 «122%, 1lle49) @204 1le¥)S =1i13e 126130 “llyde  13e¢V) wlcvle  LJleele
1704 Ce 24200 =1220. 11756 =1212. 114096 ®122% 10w *1di5e  1leydd “legcde LleUd
180, Qe 04070 12%%. 10.30% =1219 104308 =13l 10e)98 =ldele 1000l olegle A0e%40
190, Ue 970 ®1237. 17,790 «1221. 104990 *12%3. 9.94) =lé¢de  10edvH vldede  1VeIV
230, Oe o070 1299, LA ) =1223, FATH ®]123%. 94760 “lidde \ 11 “lcdde YeVas
210 e 04079 al24C, 9,768 «]225¢ L 138 «]237. 9o 954 eldd?s YeTl08 wlddte Ve T00
220, Oe 04020 ®124% Fedib «1227, Vobod =123%¢ 933 =l2dYe Vo354 *lésbe Vo234
290. Ne 50000 =124%, 94292 «1229, 9202 *l/39 9339 =1240¢ Fobab “ldsTe Yobe
200, L1 fie9%0 ®12A9, !o?’? 3229, 94232 =123 P339 =}d30. Yousb wliale Yobtuo
290, Qe 0,079 «124%¢ 9,232 3229, 94232 =129 90339 4. Fe000 *}dsTe Vethd

22




TS S, W R IITRT NI ) ACANT Y EET R TR R e TRWRPIETTRREPWIIRLT s pdGUC TTY S be e TR TR LTSRS - == =T

X

X

N

¢ &

2%

28
1}

E . TABLE VIII THERMOPHYSICAL PROPERTY TEST DATA (RUN NO. 13B)

s

s
; )
w THE RADIAL PISITIONS CF THFIMOCOUPLES ARE GIVEM BELOW [4 INCHES

;! " 2 v re RS Re

A 0,792 14313 1099 1.876 26439 30125
5 THE RASK FuE(asuR) AT THE M2 WELTING 20INT OF 2446 DFGe R FOR EACH THERVOCOUPLE 1S GIVEN BELOW
i pvay guny VAL [L].1Y £re9 EMus
{ (viCevH [N {412 (viCev) tu1CeVh tMICeV) (MICeV}
i, Oe 1009, «10MA, 1101, 1086, «l0¥3,
* -
i' TOANSIFNT AFUAVIORS OF SINIS) “HERMOCHUPLES ARE GIVEN MTLOW IN ]ERVS OF EMF AND TEMPeNATUKE

Tive [ 1 4] A4 ] EvF2 12 FYFle Ti6 EVFe Te EVFY 5] EMF O Té
[} LIq) (vICeV)  (NFreN) (MICeV) (DFGeRY (43CavE  (DEGSR) tviCeV) (DEGOR) (MICoV?) (DLueR) IMICeV)  (Ukven)

4 L3 LTS he- A40N0 Mo I D o] 244, [ 79%1.] Qe 06000 «ldibe P11} «l2eTe aedls
' e, [ Qe 00O Qe 2439 al2ibe Bel58 Oe 0e000 =ldsde Beded =iiele se3la
. 30, Oe 06090 Oe 000 =126k, (YL L] e 26000 “i¢dTe bebyd ®liube bewovw
. 0 L Qe 0N0 129, Me266 e}243, §e266 e32dls LT ¥ «ilibe telidd «liade Sed80
10, e 2,070 ®1210e 12,908 «l2n5, 124246 =1220. 124130 =1¢d¥e llesud ®lele sdedli
. 2N Ne NN el1ATe 154487 LISL Y 16e708 “llvze JEYY L 3 =liyne 13e956 =llvne ETY'EYS
Wy Oe 094000 *117% 18769 *1172¢ 15346 L3 £ 126566 “ll19e 160920 =liene leelub
. af, A Ve NN «1169, 17.,%%9 =116%, 104634 «lldle ibello “117e 15072 «ljole laeed !
' 40, e N0 ®]164, 17,928 =116, 17067 *j1l6e 160852 =llole 160238 «llloe 13eV76
AN, %% Ne 099 ®)1160s  1R.Y5%0 ®1157s 17496 “li73e 176176 “1103e 164630 =13ide loesie

X .
T Ne 24070 1190, tReST2 ®l1%, 17914 1170 Lleb9b =1i%Ye 1lev0! =lluJe Me'ley
an, Ne n.000 ®1157, 19,177 «11%% 174926 =lisle dletld 1457, sTedo¢ *litoe alevul
LL Oo DeNN0 ®1198s 19,97C =11%1e 18,140 =libbe 17928 -ii%e 170090 =llode dledin
) 100, Oe V600N ol]190, 19,482 =1151¢ ldelal =11660¢ 17926 =1lv6ee 176606 =}lvae 17e30y
110, -~ L1 N0 el18)e 180448 =] 192, 18429 wlibbse 17920 “ll53e aTe748 elivie sTewsu
120, 0o "e0N0 =1168, 17,41% el 184, 17818 =li67e dlenin =3is3de aleliid =liule sledve
190, 0o )e N0 a1169, 17,38¢ =1157. 1746906 «lld7e LTe006 « =ii33e 17,748 “livle sleune
140, Ne 0e900 1173 17,17% «11%99, L17.282 il 17e309 =1]l56, aleole “lizde alenwsy
' 180, O NeN0 ol174e 1heA52 «llble 17,007 w)lile sTe2n2 “livoe iTead? “livde alesos
, ' 1an, % Nenrn «11%4, 164690 «1163% 1heHY¢ alltes aTelb? “lible 1Telle elivie iTeg0e
. 170, Oe NeN0D ©l1The 15,423 =llb4, 164745 «ll7%  loe¥60 “i15%e 17007 *iiude sledle
! 18N, Ne NeN) «1179. 14318 1169 64038 «lil7, Loe 745 LIY UMY lbevaV “ilvle dlevui
i 1en, fNe L % b e]180, 16,200 1167, 164423 «l179 16e53C =1162s L6eT4d =lluTe loerby
700, Ceo 0,019 =11R2s 19%.9% el l69, 164204 «]lhte 46e423 =llbbke Loed3V ellude YL H
¥ 210, Oe NeN0 «]118% 15903 «11%e 166102 =ljtle i0e3l0 =sal00 ICYE I eiilee lusvac
22" Te 2.010 “110% 1%.672 «117}. 1950996 -l103, 164101 =§i67¢ 160400 w)ilée uebsd
4 LY e Ne000 «3118hs 15,940 1173, 15779 olldés  Lhev9s =llove LlDevss elslse  luvdev
240, Ne 140172 =11AT, 154497 =117% 19.%64 e)linde 1oe¥40 *sbive l%ec0d =3iide sbesve
AL Ne 0900 «11A0, 1954398 =1176, 19457 =yin/t, 1%012¢ =talle 1509 =itie eusu
240, Ao Nerin =1149, 154262 -1177, 15350 wlliSve 1ent? =lil3. $h el wlllYye ereule
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TABLE IX THERMOPHYSICAL PROPERTY TEST DATA (RUN NO. 15)

TN S R

THE RANTAL ONSITIANS OF THFIVOCOUPLFS ARF GIVEN MELOW IN INCHES

g R2 16 LI %5 Ré
0780 1319 16594 14876 20839 Jeldd

THE QASE EUF(efA) AT THE M2 VELTING POINT CF 264e6 DEGe R FOR EACH THERMOCOUPLE 1S wivtd dtlus

[AL)] EVR? Lol 1) Evie Lad c¥oo
(13 (£33 ] (“1Cev) {viCeVi tMICeV) {%]CeV} $ilCeVd
Oe «10n% 1099, «1C9%e =lSl% eludle

TAANSTERT AEHAVINGS AF SIX(6) THERNCCOUPLES ARE G JFN BELOW |\ TERMS OF EVF AN, TErPoRATYRE

Tive EvFy 13} (3 S T2 F’Fle Tis EvFé Te kY 1> thro fo
(8FC {(*11CeV)  (NFGHR) IvICeV) INEGR) (92Cev)  (026GeR) 123CeV)  (DEGert) (11Cev)  {DLLR) (MICeV)  (Jtuen)

LD e NeN) «1237, 8373 =] 243, 4637 el2694 Yees0 =1ddYa el LIYL 1 vesls
10,4 L1 147090 1237 .37 ®1243, Y373 eleede ek 80 “icaYe Bea73 el¢ude oedla
", 0o 900 «1237. 373 1243, Ped /3 olebtte HebBC =iieYe bea?d “lcube oedla
AN Ne Ne0C0 1237, 44373 ®)26% - 84273 ®124b0 Heb0 “lidve 0373 oléwde aesla
a0, Ne NeNNO «1389% 14169 =195 134529 ®ldlhe 120130 “il?3e 120437 «lévbe  icedu
LI Ne Ne1N? =117, 154497 w1185, ‘eedYl =222 adobld *liade sdedi0 “si¥de edeley
Ang Ne NeA0D ®116% 166101 ®l170 194350 elivhe  lhedb? 31179  laelod “,le3e  svenwvs
g e NeH™) 1161, Le930 «1173% 1$ Y11 ®ll90e  l4eTUb =litie l4ed9y =11030  aVevso
L1 Qe NeN00 el190s 164992 e1169, 160316 elldde  1dede2 “lidTe  lbevlo LYY AT T YY)
an, e Ge 0110 ®119% 1717 «1167 146530 *11424 19566 =liode 196457 =lilos 420ty

190, %% 1] el1¢9: 17,380 =libhe 1he¥92 ®li79¢  L5e0dd =300, Selly “lifce  luediwo
119 e L] «11%0¢ el 162, 17067 1177, 16elds =4e3270 evedvl «illCe duened
129, fe Mo D2 ellef, 17,926 «2159 L7309 “liTee abokdd "ii360 dbebcd wilule ICTYLF
199, Ne 160%0 oll6Te 19,933 «119T7 174506 ell7le 166765 miisde 164930 ®liuse  dVeruv
140, e 0eAN0 ®llebs 18,160 ®11%6e 17721 ellTue  16ed5¢ =ii%de  ibebI =llvbe  Jlewii
149, 0o TNV =1167,  1%.03) =13195 1791 =llo¥e  LbeY00 “s49le  ivelud ~ilode  alelie
140, Co 14110 (IS TR LY } ) -] 199, 17818 «lible 17176 1isle l16e002 =liode dleile
1M1, e A0 1149, 17.21e 11989, 17.810 wll0be 1Te2¢¢ =350 ibetdd wileie oloaln
180, e NeAND =11%9% 7.7 «1356, 177 @llébe 1Tedod =liwve  lUe¥LD wllvse  aleliw
100, LD YN0 a11%2. 17,496 LIREEN 176606 ®l16%¢ iTe33Y wlabye ibevd =livue elownt
200, Oe Ne01C a]1%4, 17,202 «1159,. 17389 «libde 17633897 =sleYe abe stV «libde verbe
219 [ 1% Je M0 -1157, 16,9460 )16l 274176 «libbe $1ec02 «linde iveddd widule ibeley
227 fle Ne470 a1160 160630 =11h3 16960 «1308, 1Te207 =ladie HXXLY) =liave i0ed30
297, (,1Y NANN (230 164530 ellhY, 164765 «l169, Ty 104 =ilo3e dLeua0 =idile abadav
280, [ LPLLY] *118%: 164316 ®llhl, 160530 @il JOeTed LIYEL Loends ®ialoe  iveivs
241, e Y92 «118%¢ 164101 =169, 16e}l0 «1373¢ 4653 =is2be lbedul “illve  loeotw
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SECTION IV

DISCUSSION - MELTING CHARACTERISTICS

1. GENERAL

A melting technique reguiring no active heating elements, and relying
solely on gaseous hydrogen as the energy source, has been investigeted with
the goal of achieving an experimental correlation releting melting rates to
such parameters as the gas pressure, amount of gas svperheat, liquid subcool
and solid geometry configuration (tank geometry). The strong dependence of
the thermophysical properties of SH, on temperature precludes the possibility
of simple analytical prediction tecﬁniques for its melting rate; the problem
is aggravated by the severe mathematical complexities introduced due to
transient phase change and the existence of a three-phase heat transfer prob-
lem, from superheated gas to a liquid layer (formed from both simulta:.cous
condensation of the gas and melting of the solid) to the subcooled solid; the
problem is somewhat simplified if we assume the solid temperature to be that
of melting. This simplification has been used throughout the anilysis of the
melting problem. Experiments have been planned in conjunction with a control
volure analysis which obviates the need for detailed information internal to
the control volume.,

From a' priori knowledge of the thermophysical properties of SH,, it is
expected that melting of the solid will take place.rather rapidly, even with
the solid in a subcooled condition; the melting rate will obviously increase
considerably if the solid is at its melting temperature throughout; all melt-
ing experiments were carried out under this condition.

2. PARAMETRIC ANALYSIS

a. Overall Mass and Heat Balance Considerations

When conservation of mass is applied to a control volume interior to the
SH2 Cryostat and cccupied by the solid hydrogen and its vapor, one can write,
neglecting the masz of vapor:

G5 0p(6)) 44y - iy =0 (5)

vhere m. is the mass flow rate of the entering gas and m,, the mass flow rate
ol the ocutgoing lignid for the melting process over a period of time t*, Equa-
tion (1) may be integrated to give us

My(0) = 4y(0) = iy - 1, (6)
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where

M%) << 4,(0) = M;(0)
; MS (0) is the initial solid mrss, M; the total mass of the entering hot gas
¢ and M2, the total mass of the cutgoing ligquid; by definition

1.”" .

: M, = ﬁl d =
: ! ; j=1,2 (1)
: 0]
3 where M,j is the total mass.

Applying the energy equation to the same control volume we obtain

Qpy = Sp Dip(6) Up(£)] +dty By - iy By (8)

Integrating (4) for the entire process results in

Qy =f (ﬁ’e hy - m; hl) at + MT(t*) UT(t*) - MT(O) UT(O)
0 (9)
= - MS({)) Us(o) +M, by - Ml hl
where
MT(t-x-) << MT(:)) ~ MS(O)
oy (20)
J 70
t*
- -
Q, _f Q dt (11)
0
£*
M =f m, at
J J j=1,02 (12)
0
equation (5) is rewritten as
SL D)= 6 - _ Sk - Iy
Mg (0) (hi - hS(O))— Quy =~ My (hy - he) + My (hy - hy ) (13)
SL LV SL
- My ng M hy' - Mg(0) P vt M(0) hy
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or

SL - . Lv .SL
MS(O) (hz - hS(O)) =Q,, +M [5hg - 8h, + (hi - I, ) +

LV Lv
(hg - h, )] - MS(O) (6h£ + P vs)
where
T v 1 SL _
6hg = hl - hg s éhz = h2 - hz and M2 = Ml + MS(O)

{see Figure 5)

To simplify equation (13), the temm ﬁgv may be assumed negligible. This
assumption implies that no environmental heat leak into the cryostat is per-
missible. The design of the cryostat as described previously minimizes ex~
ternal heat leak by the use of refrigerated radiation shields at the top of
the cryostat and side refrigeration baths. The assumption of negligible heat
leak was used in this analysis.

Finally,
6h - &h, + At
1=y —E 2 tg | Al (6h, + Pv )
SL SL S (1h)
where M
Y = l’
M {0)
SL,
Agr, = g - B(0)
. _.Lv . .SL
2 fg = hg - b,

b. General Relationship Between Analysis and Experiments

The ‘thermodynamic parameters which determine the performance of solid
melting during liquid acquisition have been formulated and cast in non-dim::n-
sional form previously. A convenient relationship among these parameters has
been developed for the purpose of organizing experimental results for the
melting process.

Liquid drainage height controls the heat transfer area exposed to the
hot gas when the solid hydrogen is heated from above. If there is no drainage
height at all, the entering gas may escape the control volume through the dip
tube without being condensed after losing some sensible heat. Drainage height
was kept at a minimum, Just sufficient to prevent bypassing of the hot gas;
therefore liquid drainage height effects on the melting characieristics of the
solid will be ignored. The two important unknown melting variables t* (totel
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time to melt) and Y (ratio of total gas mass to initial solid mass) are given
by the following functional relationships:

g Lgs In M, P, AT, T,, H, properties) ()

0="F (t%, Y, éhg, 8h 15

where F dependence on t* must be determined experimentally and

0=c (Y, éhg’ §h,, MS(O)’ P, H, properties) (16)
vhere the functional relationship G is obtained by applying the overall con-
servation equation of energy and mass to the experimental dewar over the total

melting period as given by equation (1k). Futhermore, an overall heat trans-
fer coefficient for the process may be introduced as

Mylo)Agy,
Uo = Ao AR which implies
Uo = £ (AT, t*, ASL’ Ls, L, Ms)

or equations (15) and (16) reduce to

éh

U =E1(Y,—5,L,P,T

6h/ ] l) (a7)

Further reduction by modifying the overall heat transfer coefficient leads to

Tl ) PB m Ls n Sh
U, (T;) () (5;) = E, (Y, gﬁf) (18)

where T, and P, are the reference temperature and pressure at atmospheric con-
ditions, Dy the solid initial outside diameter and 4, m and n experimentally
obtained exponents.

The explicit dependence of equation (18) on pressure, temperature and
geometry ratios was arbitrarily chosen to non-dimensionalize pressure, temp-
erature and heating length.

3. TEST PROCEDURE

Solid hydrogen is prepared as described in Section III, 2. When solidif-
ication is completed, flow conditioning of the hot hydrogen to be used as
melting agent is started. Liquid helium flow into the heat exchanger located
at the center of the cryostat is stopped while ambient hydrogen gas is brought
into the gas conditioning piping system where it is heated to a desired tem-
perature, The hot gas bypasses the cryostat and is vented to atmosphere via
the vent system until the solid cryostat and flow box are ready for the melt-
ing experiment at which time the conditioned gas is admitted through the top
of the cryostat and allowed to conbact the solid.
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Simultaneously, the vacuum~jacketed transfer line for the withdrawal of
melted liquid hydrogen is chilled down with externally supplied liquid hydro-
gen. In this manner, heat leak into the liquid flowing inside the transfer
A line is minimized; this prevents the drained liquid from boiling and the pos-

sible flow transfer instability due to flow oscillations such as is the case
during two-phase flow transfer.

I R ST

s N A

Chill-down of the transfer line is followed by pwlling a vacuum on the

- dip tube which will guarantee flow once the solid surrounding the inlet to

| this tube is melted. The loss of vacuum is used as a signal for the initia-
tion of flow of the pre-conditioned gas to be used as melting agent. In the
meantime, the helium heat exchanger is vacuum pumped down to evacuate what-
ever helium remsins in its interior. This prevents the helium exchanger from

acting as a heat sink and allows the heat exiracted from the melting gas to
go in its entirety into the solid.

prons TR T T

oo ooy

By means of breaking the vacuum in the middle region (annular space of
cryostat), heat is allowed to leak into the outer periphery of the solid
hydrogen until the solid around the dip tube entrance is melted and the flow
passage for the liquid becomes unobstructed. At the same time, due to the
solid melting, a small liquid layer (gap) develops between the solid hydrogen
periphery and the cryostat inner glass wall as the solid recedes away from
the hot glass wall. This gap allows the liquid hydrogen produced by the melt-
ing solid and the condensing gaseous hydrogen, to travel downwards to the bot-
tom of the cryostat where it is being continuously drained by the dip tube.

T T T AN TR T

As the dip tube is unblocked by the melting SH, surrounding it, the vacuum
in the trensfer line is broken, as shown by & vacuum-pressure gauge reading.
This loss of vacuum triggers the feed of conditioned gaseous hydrogen into the
solid hydrogen cryostat. Temperature and pressure measurements of incoming
and outgoing fluids are continuously recorded.

Initial visual inspection at the transparent glass section installed
immediately downstream of the liquid flow meter revealed two-phase flow trans-
fer. Because the transfer line was designed for liquid flow, it was concluded
that severe heat leak outside the cryostat, due possibly to instrumentation
boss penetrations, do not permit the use of & liquid flow meter. Cavitation
would introduce very serious errors in the readings and damage the instrument.
Instead, the two-phase flow was rerouted to an alternate flow loop where a gas
flow meter is used with a heat exchanger. This heat exchanger vaporizes all
the liquid inside the transfer line and raises its temperature to nearly ambient
conditions before feeding the gas to the downstream gas flow meter.

As hydrogen starts flowing through this gas flow meter, the middle region
(annular space) which had been previously pressurized with gaseous hydrogen to
permit heating of the solid periphery is vacuum pumped down to minimize any
residual gas-controlled heat leak across the glass wall into the solid hydrogen.
Concurrently, conditioned hydrogen gas is introduced into the cryostat and
dumped over the top of the solid. The conditioned gas in contact with the cold
solid causes the solid to melt into a round-nosed bullet-shaped surface; the
liquid hydrogen produced during the melting-condensation process forms a thin
liquid layer on the solid surface which runs down along the solid surface to-

wards the bottom of the cryostat due to its own gravity and external pressure
gradients.
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During the melting period, mass and energy cross a fixed control volume.
This control volume encompasses & region initially occupied by the solid
hydrogen and its vapor. Mass and energy were monitored continuously at the
boundary of this control volume. Mass flow rates were determined by monitor-
v ing the gas volume flow rate and its density simulteneously. Energy flow was
K determired by monitoring flow enthapies in and out of the control volume, in
addition tc the mass flow rates. Enthalpy measurements were made by recording
fluid temperstures with thermocouples. In the event of two-phase flow trans-
fer, temperature information alone is not sufficient to determine the flow of
enthalpy. In such cases, the enthalpy of the flow is arrived at by the use of
overall heat and mass balance equations. Assumptions of adiabatic control
volume and no gas bypass of the liquid at the bottom of the cryostat were
made for such cases.

TR A, RO AP
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The flow meters selected were of turbine transducer type with frequency
output levels proportional to the volumetric flow rate. For purposes of re-
cording, frequency was converted to D.C. voltage readings, using frequency-
voltage converters, and the amplified voltage fed into e multi-channel strip
chart recorder as shown in Appendix (A), 3d. Type E thermocouples were used
at flow meter locations to correct flow measurements at temperatures other
4 than those used for calibration and to measure flow enthalpy in and out of the
3 cryostat. Amplified thermocouple outputs were fed into multi-channel strip
chart recorders as shown in Appendix (A), 3b.

E Calibrations of the Type E thermocouples and flow meters were performed
4 by the manufacturers, but the data reduction later revealed that the air calib-
‘ ration curve of flow meter FM-3 was not good. This flow meter was recalibrated
later by allowing a known amount of hydrogen flow through the flow meter. From
the frequency reading it was possible to determine the calibration constant.

4 In each run of the melting experiments, the hot gas inlet temperature,
3 the solid height, and the gas pressure over the solid were independently chosen
to investigate their roles in the melting process.

g L, EXPERIMENTAL RESULTS

] The thermodynamic parameters which determine the performance of solid melt-
9 ing during liquid acquisition are formulated and cast in non-dimensional form.

4 A convenient relationship among these parameters was developed for the purpose

3 of organizing experimental results. The steps leading to such a relationship
are presented in the analysis section.

Tt an et O

3 A total of seventeen (17) melting runs were made; of these only fourteen

o (14) runs were selected (Tables X thru XXV and Figures 6 thru 8). Selection
of runs was made on the basis of completeness of information. Because of in-
strumentatior failures during particular runs, extrapolation of measurements
were made with the help of mass and energy balance equations. From the tests,
the effects of system gas pressure, temperature of entering hot hydrogen gas

v and the effect of height-to-diameter aspect ratio of the solid on its melting

k characteristics were determined.

The Dewar pressure level was varied from 2 to 6 PSIG, and the gas temper-

ature was changed approximetely from 8C5 to 336 degrees Rankine. Variation in

i the aspect ratio was achieved by changing the solid height in the SH2 dewar
9 while maintaining the diameter.
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TABLE XI SOLID H2 MELTING TEST DATA (RUN NO, = 2 «-~ INLET TO CONTROL VOLUME)
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3 2% 3242 lelé 5271 161, 1434 049997 0401239 0s0166 =3.00 IdLel
4 30 346 118 52740 158, 131 0609997 0601238 060163 “he90 | 3lDeM
“ 15 310 1018 527e4 155, 1629 009997 0401234 00159 =helU 3doey
X 40 30.% 115 527 e4s 1%2. 1627 049997 0401238 00157 ~4s70 EXryY
; CL I ¥ X% ] 1,18 52744 161, leds 0e9997 0401238 040166 | =hoebi) 33606
A S0 361} 1el6 527.7 170, 1e62 049997 0401237 040175 ~4e50 34l
. 5% 3640 1el6 82747 180, 1650 049997 0401237 040185 shobQ _ 34bel.
60 4b40 le15 52744 232, 1093 069997 0401238 060239 “hedV 3%le0
AS Skl 119 €27 ¢4 284, 2436 049997 0401238 060293 LLTYSY) 297
70 K71 lels 5271 335. 2479 049997 (01239 040346 ~bolU _S6Ue0
15 6744 113 52648 337, 2¢8C 009997 0401239 o306y ~bo 0V oYV
2 80 6747 1.10 52%.9 338, 2082 009997 04Cl262 040350 =3e90 _ 2IbIeo
- A% 48,1 1.07 52%40 3404 2e83 009997 DeD1246 0e0302 =34060 36Ty
s QN 470 lerd 2441 339, 2492 049997 0401266 040351 =3470 3721
9% 8744 1.00 2342 337, 280 069997 Ne0l24b 040350 Lm3a60 _310ey
4
v 100 Te0 0e99 52246 335, 2479 049996 0401269 0eN368 =349 3790
3 108 65,° 0497 52240 329. 2074 049996 0401251 Ce0342 XLy ) YW
3 110 8645 0495 S21eb 322, 2468 Q69996 (Qe012%2 Je0336 =344y ELETYY
& 115 63,2 0% 52141 316 2e63 069996 0601253 040329 =3¢30 38be4
3 120 6149 0493 52048 309, 2057 069996 0401254 040323 eV dBYeb
128 60,7 0492 52045 303, 2452 069996 0,012%& 040317 3420 38940
3 130 %949 0491 52042 297, 20467 009996 0,0°2%5 000341 23030 3908
ks 138 88,4 0490 19,9 292, 2043 099996 (40.256 240305 LTI 3960V
B 140 8743 0490 51949 2864 2038 009996 0401256 040299 =3400 39640
148 5642 0489 51946 281, 2036 049996 0401257 040294 =209V __399¢4
350 588 Qo8 51943 279, 2032 019996 0401257 0e0292 =2440 40243
153 58,4 [ PLL] 51943 217 2430 0.9996 0401257 060290 . ~24190 40509
160 480 [*FL.1] 51943 275, 2029 049996 0.01257 CeQ2¢y 2,70 “U0be5
165 54.9 0oR9 51946 274, 2028 009996 0401257 040287 “24b0 “QBed
170 5447 QA9 “1946 273, 2027 049996 001257 040206 =499V, | Llled
2 178 S48 0490 51949 272, 2027 069996 0401256 040285 2460 4loes
< 180 $%.2 0491 52042 276, 2029 009996 0401255 000288 22030, _aloey.
s 185 83,9 0493 52048 279, 2032 049996 0401254 0e0292 ={e30 hibed
3 190 86,7 0e9¢ 521l 2083, 2036 049996 0401252 040295 =20 “dled
It 19% 58,1 0497 2240 290, 2002 049996 0,0125) Fe0302 “2elV__ GLgheo
E 200 49,5 0,98 52243 297, 2067 009996 0401250 040309 =2el0 42540
; 204 40,9 1.08 52340 304, 2493 049996 0401249 040316 “de00 __4evel
{ 210 69,7 1402 52345 368, 2490 049997 0401267 060362 =190 43862
2 21% 7844 106 5264} 393, 3427 049997 0401246 Ve Q408 ~lebo 43540

220 746 1046 526el 4384 3464 049997 0401266 040454 S4eBU 4350

E: 228 864A 1.08% 2600 XYY 3461 069997 0001265 Qe0650 “le70 430y
4
270 MBe2 1455 5264t 431e 3459 009997 0401245  0eQ447 ~1270  4suey
- 235 896 1496 52447 428, 3056 009997 0401266 0e0Q443 =l¢60 haled
b 260 RY,) 1.04 S$264? L2b6e 3e55 009997 0401246 0e0442 =160, 44244,
3 269 A%, 109 52646 4254 3456 0e9997 0401245 0,061 =ledU  bhHeé
250 AL,.8 1e0% 9260l &L 3453 009997 0401265 040639 150 vades
295 ALeT .04 $2601 4230 3452 049997 0401246 000639 =Led0  4hDded
260 8406 1406 82441 423, 3492 069997 0401246 000439 ~let® Labed
1 269 A4 1404 52441 422+ 3451 049997 0401266 040438 =1ed0  _4dlel
F 270 Rbke) lo%% $24e] 20, 3450 049997 0401266 RTXLET =130 “blel
; 27 a7 leN4 52401 18, 30648 069997 04012606 Qo630 =120 42440
280 A3 1400 52607 4172 3447 049997 001244 04,0632 =1eld  WbTey
248 43,0 1.08 52943 618, 3e65 049997 Ce01263 0606429 =le0V “6leb
3 290 8245 1408 52543  &l2. 3063 069997 0401263 040427 20699 _46les
i3 298 #2,0 1410 $2%69 4100 3eb) 049997 0eCLl242 040624 =ve9T  4bley
2
IO Sae” 1.08 52503 2704 2425 049997 0401263 040279 ~0e93  GLb3el
328 2% lens £264? 135 1.127 049997 06301244 040140 <0330 LT
b 240 L0 Sc4el A 0600 049997 0401264 JeUDCO =0ebb 4092
4 TATAL N7 9¢ CYCLES (INTEGRATED) e 93453,468 CYCLESY TOTAL vASS (INTRUKATED) & Q4157 LS
7 TOYAL 40s OF CYCLES (VEASURED ) = 909404015 CYCLES TOTAL ENTHALPY(INTEGRATED) = BIu
AVERAGE FuTWALDY OF FLOW . T STu/Le ) ) ToTTmTmm e -

&
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TABLE XI SOLID H2 MELTING TEST DATA (RUN NO, = 2 --- JUTLET FROM
.- CONTROL VOLUME) (CONT)
4 s Ps 16,7 PSIA, FLOW TOTALIZERs 156742, CYCLES, FQDs  20.0 HZ/0IV, FQVs  7.96 HI/CFM
% TIME  DF EMFF TENF FQ voT c RHO mpT EMFh TEMH " IMH
; 4 (SEC) (DIV) (MIL.V) (DEG.R)  (HZ) (CFM)}  (-==) (LB/FT3) {(LB/MN) (MILeV) (DEG.R} (BTU/LB) (BTU/MN)
¥ !
i 0 0.0 1,50 537,7 0. 0.0 11,0000 0.,00515 0.0 .25  530.4 17742 0.0
3 5 5,8 1.47 §36.9 116. 14,57 0.99%9 0,00516 0.0751 0.76 516.3 1723.1 129,45
S i 10 11.7 1,465 53643 234, 29.40 0.9999 0,00516 0.1517 0.31  501.7 1666.9 252,87
4 15 17.5 1,43 $35.7 350, 43,97 0,9999 0,00517 0.2271 ~0,15 487.3 1609.8 365.66
3 20 26,3 1.40 534,8 526, 66.08 0.9999 0,00517 0.3419 ~0s62 472.7 155445 531,52
3 ' 25 35.1 1.38 534.,2 702, 88,19 0.9999 0,00518 0.6568 =0.87  465.0 1527.5 697,80
: ! 30 44,0 1.35 533.4 8B0. 110.55 0.9999 0,00519 0.5736 1,12 457.3 1502.0 861.55
4 35 44,3 1.32 532,5 88b. 111.31 0.9999 0.00520 0.5784 =117 4%5.8 1497.1 865,98
E 40 646 1.30 531.9 892, 112,06 0.,9999 0.00520 0.5830 -1e23 4539 1491.2 869,35
45 45,0 1.25 530.4 900. 113,07 0,9998 0,00522 0.5898 1.4 448,.3 1473.6 869,19
% 50 44,9 1.20 529.0 898. 112.8]1 0.,9998 0,00523 0.5902 ~1.60  462.2 1455.0 858,68
! 55 44,7 1.15 527.% 89w, 112,31 0,9998 0,00575 0.5892 1,77 43547 1437.9 847,12
60 46,5 1,10 526.0 890, 111.81 0,9998 0,00526 0.5882 -1.9%  430.7 1618.7 834,45
65 45.3 1,03 523.9 904, 113.82 0.9997 0.00528 0.6011 =2435  617.2 1370.7 823,94
70 b1 0.97 522,1 922, 115,83 0.9997 0.00530 0.6138 2475  453.9 131445 806.86
75 47.0 0.91 520.3 940, 118,09 0.9997 0.00532 0.6280 -2.90  399,2 1291.9 811.27
3 80 47.3 0.85 518.5 94b. L1B.84 0.9996 0,0053¢ 0.6342 3,08  364,4 1269.8 804465
K 85 47.6 0.76 §15.7 952. 119,60 0.9996 0,00537 0.6415 ~3,15  391.3 1253.2 803.98
90 48.0 0,69 $13.6 960, 120,60 0,9995 0.00539 0.6496 -3.2% 3681 1237.4 #03.81
9 95 45,7 0,62 511.6 914, 114,82 0.9995 0,00541 06211 ~3,45  381.6 1206.9 748,31
5 100 43,6 0,55 509.2 872, 109.55 0.9995 0,00543 0.5950 ~3.65 374.1 1171.8 697,29
g, 105 41.5 0,48 507,1 830, 104,27 0.9994 0,00546 0.5688 ~3.67  373.3 1168.6 666,67
: 110 41,7 0440 504.6 834, 104,77 0.9994 0,00549 0.5743 -3.70  372.1 1163.7 668,37
g 115 41,9 0,32 502.1 838, 105,28 0,9593 0,00551 0.5799 =3.89  344.1 1136.8 658,11
: 120 42,0 0425 499.9 840, 105.53 0.9993 0.00554 0.5839 ~4.08 155.1 1112.3 649,42
§' 125 43,1 0,15 496,7 862, 108,29 0,9992 0.,00557 0+6029 4406  1687,) 1116.3 673,02
. 130 44,2 0.05 493.6 B84, 111 06 0,9992 0.00561 0.6222 ~4,00  3%..0 1120.7 697,32
- 135 45.5 =0.02 491,64 910, 114,32 0.9991 0,00563  0.6434 4400 359,09 1120.7 1721.03
: 1640 45.8 =0,10 488,8 916, 115,08 0.9991 0,00566  0.6509 ~4,00 359,0 1120,7 729,48
f 145 46,1  =0.20 485,7 922, 115.83 0.9990 0.00570 046594 3497  360.4 112443 741,31
i
Ex 150 46,5 -0.30 482.6 930, 116483 0.9990 0.00573  0.6694 =3.95 361.3 1126.8 754,22
P, 155 4547 =0.,40 479.5 914, 114,82 0.,9989 0,00577  0.6621 3492 362,17 11307 748.61
3 160 45,1  ~0.50 47644 902, 113,32 0.9989 0,00581 0.6576 =3.90 363.6 1133.4 745,32
165 44.5 ~0.65 471,7  890, 111,81 0,9988 0.00587  0.6552 «3,90 3636 11336 162,46
E, YT0 44,7 =0.80 467,10 894, 112,31 0.9987 0.00592 0.6665 ~3.90  363.6 11334 753,19
U f 175 44,1 =0.95 462.5 882, 110.80 0,9986 0,00598 0.6621 =3.85  365.8 1140.5 755,09
), 180 43.5 ~1.10 457.9 870, 109.30 0.9985 0,00606 0.6595 =3.80  368,0 1147.9 757,17
2 105 3046 =1425 453.3 612, 76.88 0.9984 0,00611 0.4687 3,77 369.2 1152,5 5%0.,20
190 17,8 =1,40 44B.6 356, 46,72 0.998% 0,00617  0.2755 =3,  370.1 1155.7 314,37
195 5.0 ~1.55 443.8 100, 12,56 0.,9983 0,00624 0.0782 3,75  370.1 1155.7  90.38
5, 200 6,0 ~l.70 439,0 80, 10,05 0.9987 0.00630 0.0633 -3.7%  370.1 1155.7  73.10
b 205 3.0 -1.87 433.3 60, 1,54 0,998l 0,00639 0.06H0 =3.73 3In.9 1158.8  $5.68
9 210 2.0 -2.05 427.3 40. 5,03 0.9980 0.00648 0.,0325 3,72 371.3 1160.5  37.69
¥ 215 4.2 =2,22 421.6 86, 10,55 0.9979 0.00657 0.0691 “3.71  371,? 1162.2 00,3%
. 220 6.3 =2.40 415.,5 126, 15.83 0,9978 0,00666 0.1052 3,70 372.1 1163.7 122.43
3
a
.
A 225 RS =2.56 410.1 170, 21.36 0.9977 0,00675 0.1438 3,70  372.1 1163.7 167,32
4, 230 10,0 -2,73 06,6 200, 25,13 0.997» 0.00684 0.1715 3,10 712.1 1163,7 199,52
i 236 11,5  =2.86 400,46 230, (8,89 0.997% 0.00¢%1  0.1992 3,70 232,1 1163.7 231,82
240 13,0 -3,00 396.0 260, 32.66 0.9974 0,00699 0.22177 -3.70  372.1) 1163,7 264,97
3 265 11,5 =3.14 391.6 230, 28.89 0.9973 0.00707 0.2037 ~3,72  371.3 1160.5 236,36
b 250 10,0 -3,28 387.1 200, 25.13 0.9973 0.00715 0.1791 =3.7%  370,1 1155.7 204,04
4 255 B.5  =3,39 383,46 170, 21.36 0.9972 0,00722 0.1537 =382 36T, 114%,9 175,99
: 260 5.6 ~3,50 379.6 112, 16,07 0.9971 0.00729 0.1023 =3,90 3630 11334 115,92
! 265 2.8 =3.50 379.6 56, 1.06 0,9971 0.,00729 0.0511 <3488 3b4.5 1136.2  58.10
270 0.0 =3,50 379,56 0. 0.0 0.9971 0.00729 0.0 =3.85 165,83 1140.5 0.0
br
ﬁ TOTAL NO. OF CYCLES (INTEGRATED) = 163919.500 CYCLES, TOTAL MASS CINTEGRATED) »  1.834 L85
3 TOTAL NO. OF CYCLES (MEASURED ) = 156742,000 CYCLES, TOTAL ENTHALPY{INTEGRATED) »2288.359 BYU
E AVERAGE ENTHALPY OF FLOW = 1247.634 BTUSLB .
L
2
55
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TABLE XII SOLID H2 MELTING TEST DATA

(RUN. NO., = 3, INLET TO CONTROL VOLWE)

e e e e ———_

TIME [FREQUENCY E{FF EMFH EMF23 TIRME fxmmm EMFF EMFH EMF23
(sec) | (Hz2) (MILV) | (MIL.V) | (MIL.V) (srC) (1z) | G1IL.wv) ) MInWy) |O(MIL.LY)
0 -8.30 200 -7.20
5 205
10 -8.25 210 -$.90
15 215
20 -8.10 220 -6.40
25 . 225
30 -8.05 230 -6.20
35 235
40 -8.00 240 -6.20
45 aks
50 =7.95 250 -6.10
55 255
60 =7.95 260 -6.10
65 265
70 -T.73 2710 -6.00
15 275
80 -T.91 280 -6.00
85 285
90 -7.90 290 -6.00
95 295
100 -7.92 300 -5.95
105 305
110 -7.94 310 -5.93
115 315
120 =79k 320 -5.45
125 325
130 -7.80 330 -5.78
135 335
1ko -7.30 340 =5.75
145 345
150 -7.30 350 -5.40
155 355
160 -7.23 360 -5.20
165 365
170 -7.20 370 -5.10
175 375
180 -7.20 380 -5.25
185 385
190 -7.20 390 -5.20
195 395
36
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TABLE XII (Cont.)

TIME

FREQUENC Y

4

EMFF EMFH EMF23 TIME EQENCY| EMFF EMFH EMF23
(skc) | (H2) | (MIL.V) | (MIL.V) | (H4IL.V) (sec) | (mz) | (MIL.v) | (MIL.V) | (MIL.V)
400 -5,00 600 -3.30
105 605
410 -4,75 610 -2.70
415 615
420 -k,55 620 -2.90
425 : 625
430 -k, 45 630 -3.2h
435 635
440 -4.35 640 -3.10
hks 645
450 -b.45 650 -3.10
155 655
460 -k,25 660 -3.15
465 665 -3.15
470 -k, 25 670
475
480 4,20
485
490 -3.90
495
500 "3070
505
510 ~3.65
515
520 -3.65
525
530 -3.60
535
540 -3.60
545
550 -3.55
555
560 '3'55
%45
)70 -3.53
575
580 '301"5
585
590 -3.40
595 .

37
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; TABLE XII SOLID H2 MELTING TEST DATA (RUN NO. = 3 --- OUTLET FROM CONTROL VOLUME)

; (Cont.)
é Pe 14,7 PSIA, FLOW TOTALIZER= 200429, CYCLES, FQD= 20.0 HZ/D1V, FQvs 7,96 HI/CFM
; TIME oF EMFF TEMF O vor [ RHO MDY EMFH TEMH H IMH
§ {SEC) (DIV) (MIL.V) (DEG.R) {HZ) (CFM) {==«) (LB/FT3) (LB/MN)  (MIL.V) (DEG.R) (BTU/LB) (RTU/MN)
é 0 0.0 1.10 52640 [/ 18 0.0 0,9998 0,00526 0.0 0,65 512.3 1708.0 0.0
. 5 5.0 1.07 §25.1 100 12.56 0,9997 0,60527 0.0662 -0.08 489.5 1618,4 107.13
{ 10 7.9 1.05 526 .5 158. 19.85 0.9997 0.00528 0+1067 -0.80 467,11 1534.9 160.72
e 15 5.8 1.03 623.9 1160 14,57 0.9997 0.00528 0.0770 -0.85 465.6 1529.6 117.72
e 20 7.0 1.02 §23.6 140, 17,59 0,9997 0,00529 0.0929 -0.90 464.1 152446 161,67
2 25 10.8 1.01 5233 216, 27.14 0.9997 0,00529 N.14635 -0.95 “h2.5 1519.,2 217.96
30 4.0 1.00 523.,0 280. 35.18 0.9997 0.00529 0.1861 =-1.00 461.0 1514.,1 28l.76
35 17.6 0.98 522.4 348, 43,72 0.9997 0.00530 0.2315 -1.10 &57.9 1504,0 34B,.25
3 40 20.0 0.95 521.5 400. 50425 0.9937 0,00531 062666 =1.20 454.8 1494,1 398,34
45  21.4 0.95 §21.5 428, 53,77 0.,9997 0.00531 042853 -1.32 4511 1682.6 422,87
% 50 20.0 0.95 521.5 400, 50.25 0.3997 0.00531 02666 -1.0% 447.0 1469.7 391.83
55 18,2 0.95 521.5 364, 45,73 00,9997 0.00531 0+2426 ~1.5% 4$63,8 1459,9 354,19
60 15.7 0,95 521.5% 3lé. 39,45 0,9997 0.00531 042093 ~1.6% 440,6 1450.0 303.46
65 12.5 0.95 52145 250. 3l.41 0.,9997 0.00531 0.1666 =175 “37.3 1439,9 239.93
70 9.2 0.95 §21.5 184, 23.12 0.9997 0,00531 0.1226 -1.8% 43,0 1429,% 175.31
75 4,9 0.95 521.5 98, 12,31 0.,9997 0.00531 00653 =1.91 ©32,0 1423,1 92,95
an 3.0 0.95 521.5 60. 754 0,9997 0.00531 0.0400 =1.96 630,3 1417.6 56,69
85 242 0.95 521.5 L4, 5,53 0.,9997 0,00531 0.0293 -2.,07 42646 16405,2 41.21
90 262 0.95 521.5 bh o 5.53 0,9997 0.00531 0.0293 =2.17 423,3 1393.4 40,86
95 2.1 0.95 521.% 42, 5,28 0.9997 0,00531 0.0280 =226 420,2 1382.3 38.69
100 2.0 0.95 52145 40, 5,03 0.9997 0,00531 00267 =2+35 417,2 137047 36454
105 1.8 0.93 520.9 36, 4,52 0.9997 0.0053) 0.0240 =2+49 41245 1351.9 32,607
110 2eb 0.90 $20,0 48, 6,03 0,9996 0,00532 0.0321 “2.62 408,2 1333,5 42,78

115 243 0.90 520.0 46 5,78 0,9996 0.,00532 0.0307 ~2.68 406.2 1326.8 40.73
120 2.5 0.90 520.0 50. 6428 0.9996 0.00532 0.033¢ ~2.75 403.9 1314,5 43,93

125 12.0 0.90 520.,0 260. 30.15 049996 0.00532 0.1604 =2.68 406,2 1324.8 212,53
130 2440 0,90 520.0 480. 60.30 0.9996 0.00532 0.3208 =2.62 408.2 1333,5 427.85
135 27.5 0.90 5200 550. 69,10 0.9995 0,00532 043676 =2.66 406.9 1327.7 488,11
1640 34,6 0.90 520.0 692, 86,93 0.9996 0.00532 0.4625 =2.70 40%.6 1321.9 611,42
145 32.0 0.90 520.,0 640, 80,40 0.9996 0.00532 0.4278 =2.80 402.3 1307.1 559,15
150 23.2 0.80 51649  4b6he 58.29 0.9996 0.00535 0.3120 =2.90 399.2 1291.9 403,02
155 22.5 0.80 516.9 450, 56453 0.9996 0.00935 0.3025 =2.85 400,7 1299.5 393,16
160 22.5 0.80 516.9 450, 56453 0.9996 0.00535 043025 =2.80 402.3 1307,1  395.44
165 20,7 0.80 516.9  4les 52,01 0.9996 0.00935 0.2783 ~2.80 402,33 1307.1 363,80
170 18,7 0.80 51649 374, 46,98 0.9996 0.00535 042514 =2.80 402.3 1307.1 328.65
175 17.5 0.80 51649 350, 43,97 0.9996 0,00535 0.2353 =2.87 400.1 1296.5 305.08
180 17.0 0.80 516.9 340, 42,71 0.9996 0.00535 0.2206 =2.95 397.6 12864,3 293,57
185 15.8 0.78 51643 3l6e 39.70 0.9996 0,00536  0.2127 =3.03 395.0 1271.9 270,54
190 14,1 0.75 51544 282+ 35.43 0.9996 0.00537 0.1901 =3,10 392.8 1261.1 239,79
195 14,7 0.75 51544 294s 36493 0.9996 0,00537 041982 =3.16 390.9 1251.6 248,12
200 15.3 0475 51546 306 38446 0.9996 0,00537 042063 =3.23 388.7 1240,5 255,96
205 17,7 0,72 51445 356s 4447 0.9995 0.00538 0.2391 =3.16  390.9 1251.6 299.29
210 20,2 0,70 513.9 406s 50,75 0.9995 0.00539 0.2732 -3.10 1392.8 1261.1 344,54
215 21,3 0,67 S$13.0 426 53.52 0,9995 0.005¢0 0.2886 =3.,00 396.0 127646  36R.45
220 22.0 0465 51243 4400 55.28 0.9995 0.00540 0.298% =2,90 399.2 1291.9 385.58
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225
230
235
260
245

259
255
260
265
270

275
280
285
290
295
300
308
310
315
320

328
330
335
340
345

350
355
360
365
370

3715
350
385
390
395

400
405
610
415
420

42%
430
435
440
A5

450
455
450
465
470

475

13.6
1.0

10.0
12.8
16,0

13.8
13.5
13,4
12,6
13.7

16.0
1640
16.3
15.6
16.2

16.9

0.63
0.60
0.58
0.55
0453

0.50
0.48
0.45
0443
0.40

0.35
0.30
0.28
0.25
0.23

0.20
0.17
O.l4
0.09
0.04

-0.03
=-0.10
~«0411
-0.12
~0.19

~0426
-0.31
=0.,35
=0.40
=0.45

~0453
=0.60
-0.65
~0.70
=0.70

-0.70
-0.72
=0.75
-0.17
-0.80

-0.82
~0.85
-0.88
=0.92
-0.98

~1.00
~-1.03
=-1.07
~-1.13
~-1.18

=-1.22

511.7
510.8
510.2
509.2
508.6

507.7
§07.1
506.1
505.5
506.6

503.0
5Cl.4
500.8
499.9
499.2

498.3
©97.3
496.4
4£94,8
4933

491.0
488.8
488.5
488,.2
486.0

483,48
«82,3
481,0
479.5
471,9

475.4
%73.3
471.7
©70,2
470,42

470.2
469.6
466.7
468,0
467.1

&466.5
46546
464,.7
463 .4
462.2

461.0
460.1
458.8
457.0
455 .4

£56,2

440,
438,
434,
624,
440,

4640,
446,
456.
“hb,
428.

422,
410,
400.
388,
378.

390,
390.
388.
410,
480,

&o4.
450,
416,
420,
43C.

40,
440,
%20,
456,
436,

428,
446,
466,
436,
272,

220,
176,
200.
256,
280,

276,
270,
268,
252,
274,

320.
320,
326,
3t2.
324,

33a.

TABLE XII

55,28
55,03
56,52
53,27
55.28

55,28
56.03
57429
56,03
53.77

53,02
51451
50,25
4BoT4
47.49

“8.99
48,99
“8.74
51.51
60,30

58429
56453
52426
52476
54,02

85,28
55,28
52,76
571 29
54,77

53.17
56.03
58.56

0.9995
0.,9995
0.9995
0.9995
0,999

0,9994
0.993¢
0.9994
0.9994
0.9994

0.9993
0.9993
0.9993
0,9993
0.9993

0.9993
0.9992
0.9992
0.9992
0.9992

0.9991
0.9991
0,9991
0.9991
0.9990

0.9990
0.,9990
0.9989
0,9989
0,9989

0,9988
0.9988
0.9988
0,9987
0,9927

0,9987
0,9987
0.9987
0.9987
0.9987

0,9987
0.9987
0.9986
0,9986
0.9986

0.,9986
0.9986
0.9985
0.9985
0.9985

0.9985

(CoNT)
0.00541 02968
0,00542 02980
0,00542 02956
0.,00543 0.2893
0.00544 043006
0.00545 03012
0,00546 0+3056
0.,00567 0.3131
0.005647 03066
0,00549 0el96T
0,00550 042915
0.,00552 0.2841
0.00553 0421775
0,00554 062697
0, 00554 042631
0.,00555 0.2719
0.00556 042724
0, 00558 042715
0,00559 0.2879
0.,00561 0.3381
0.00564 03282
0.00566 043198
0.00567 0.2958
0.00567 0.2988
0,00569 043073
0.060572 0.3159
0,00574 043169
0.00575 043033
0,00577 043303
0.00579 0.3168
0.00582 043126
0.00585 043273
0.00587 0.3430
0.00589 043220
0.00589 0.2009
0.00589 0+1625
0.00589 0+130%
0,00591 041482
0,00591 0.1899
0.,00592 042081
0.,00593 0.2054
C.00594 0.2014
0.00596 042003
0,00597 0.16888
0.00599 042058
0.00600 0.2610
0.00602 0.2615
Q.00603 02667
0.00606 0.2370
0.00608 0.2470
0, 0060" 0.253)

=290
~2.90
=2.90
=2.90
=293

=295
-2.98
«3.00
=3.00
=3.00

-3.05
~3.10
=-3.20
~3.30
=~3.33

=335
=3.47
=360
=3,60
~3.60

“3455
=3.50
=360
~3.70
-3.70

~3.70
=-3.70
=3.70
~3.70
=3,70

-3,70
«3.70
~3.70
=3.70
=3.70

=3.70
-3.70
=3,70
-3.70
=3.70

~3.70
-3.70
~3.70
=3.,70
=3.70

=3.70
=3.70
~3.70
=3.70
=-3.70

=3.70

399.2
399.2
399.2
399.2
398.2

397.6
39646
396.0
396.0
A9%.0

396.4
392.8
289.7
38644
385.5

38448
380.7
376.0
376.0
376.0

377.8
379.6
376.0
37261
3721

372.1
372.1
372.1
27261
372.1

372.1
372.1
372.1
37201
372.1

3721
372.1
372.1
372,14
372.1

372.1
37¢.1
372.1
37241
372.1

372.1
372.1
372.1
372.1
372.1

372.1

1291.9
1291.9
1291.9
1291.9
1287.4

1284.3
1279.7
127646
1276.6
127546

126848
1261.1
1245.3
1229.3
122445

122142
1201.6
1180,
1180.1
1180.1

118€.3
1196.6
11u60.)
1163.7
1163.7

1163.7
1163.7
1163.7
1163.7
1163.7

1163.7
1163.7
1163.7
1163.7
1163.7

11637
1163.7
1163.7
1163.7
1163.7

1163.7
1163.7
1163.7
116347
1163.7

1163.7
1163.7
1163.7
1163.7
11637

1163.7

386,04
384,97
381.92
373,79
386.99

386.77
391.12
399,66
391,38
376,27

369.87
358,26
345,58
331,52
322.12

332,08
327,36
320,45
339.68
398.34

390,07
362,64
349,06
367,76
357.63

367,59
368,77
352,91
384,739
368,72

363,82
380,84
399,21
374,72
233,77

189,08
151,46
172445
221,02
242,21

239,06
234,32
233,05
219,71
239.52

280,46
281,02
287.05
275,83
287,40

300.63
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535 12.8 ~-1.55 443.8 256, 32,16 0.9983 0.0062% 042002 ~3.,70 372.1 1163.7 232.97
540 13.0 -1.60 442.2 260, 32,66 0.9982 0.00626 02041 =3,70 372.1 1162%.7 237.48
545 13,2 -~1.60 442.2  264. 33,17 0.9982 0.00626 0.2072 =3.70 37Z.: 1%63.7 24113

550 10.7 -1.60 442,2 214, 26,88 049982 0.00626 0.1630 «3,70 372.1 1163.7 195.47
555 10,0 =1.6) 441.2 200, 25.13 0.9982 0.00627 0.1573 ~3,70 372.1 1163.7 183,08
560 12.0 ~1.65 460.6 2640, 30,15 0.9982 0.00628 0.1891 =3,70 3721 1163.7 220.01
565 13,5 ~1.68 439,6 270, 33.92 0.9982 0.00630 0.2132 =3.,70 372.1 1163.7 248.06
ST0 13.5 ~1.72 438,13 270, 33.92 0.9982 0.00631 0.2138 ~3.70 372.1 1163.7 248479

£

; TABLE XII (conT)

5

9

gy

ﬁ 480 17.0 -1.26 453.,0 340, 42,71 0.,9986¢ 0.00611 0.2606 ~3.70 372.1 1163.7 303.23
2’ 485 1644 =1.30 4517 326, &l1.21 0.9984 0.00613 042521 =3,70 372.1 1163.7 293.33
g) 490 14.6 =1.34 45045 292, 36,68 0,998¢ 0.00614 De2250 ~3,70 372.1 1163,7 261.85
i 495 13.2 =1.34 650,%5 264, 33,17 0.9984 0.00614 062036 =3,70 372.1 1163.7 236,74
E S00 12.0 =1.35 45042 240, 30,15 0.9984 0.00615 0.1851 ~3.70 372.1 1163.7 215.37
ﬁ 509 11.7 =1.217 469.5 234, 29,40 00,9984 0.00616 0.1807 ~3,70 372.1 1163.7 210.28
! 510 1.8 =140 4648.6 236, 29,65 0.9984 0.00617 0.1826 ~3,70 372.1 1163.7 212.52
1 515 12.3 “l b 447.6 246, 30.90 0.9983 0.00618 01908 -3,70 372.1 11653.7 221,99
% £20 12.6 -] 4S 467.0 252. 31,66 0.9983 0.00619 041957 ~3,70 372.1 1163.7 227.72
? 525 12.9 “loh? 44b.6 258, 32,41 0.9983 0.00620 042006 ~3,70 372.1 1163.7 233,47
é 530 12.9 -1.,50 L565.4 258, 32.41 0.9983 0.0062}% 0.2011 ~3.,70 372.1 1163.7 233,97
B

n

i

[

&

i

575 13.3 =1.72 438.3 2660 33,42 0.9982 0.00631 0.2106 =3470 372.1 1163.7 245.11
580 13.5 <=1.72 438.3 270, 33,92 0.9982 0.00631 0.2138 ~3.70 372.1 1163.7 248.79
585 14,0 <~1.76 #37.0 280, 35.18 0.9982 0.00633 0.2224 “3.70 372.1 1163.,7 2538.78
590 14.5 -1.80 435.7 290, 36,43 0.9981 0.00635 0.2310 =3.70 372.1% 1163.7 268.82
595 14.7 -1.81 435.3 294, 36.93 0.9981 0.00636 0.2344 =3.70 372,1 1163.7 272.74

600 143  ~1.82 435.,0 290. 36443 0.9981 0.00636 042314 =3.70 572.1 1163.7 269.23
605 13.0 ~1.86 33,7 260, 32.66 0.9981 0.00638 0.7080 =3;70 372.1 1163.7 242,11
610 8.0 ~1.90 432.3 160 20.10 0.9981 0.00640 0:125& ~3470 372.1 1163.7 169.45
615 3.8 =1.91 432,0 76 9,55 0.,9981 0.00641 0.0610 ~3,70 372.1 1163.7 T1.04
620 7.0 =1.92 “31.7 140, 17.59 0.9981 0.0064% 0.1125 ~3.70 372.1 1163.7 130,97

625 9.2 =149 431.3 ly6s 23,12 049980 0.00642 041680 “3.70 372.1 1163.7 172.26
630 10,5 =1.94 431,0 210. 26,38 0.9980 0.00642 0.1691 ~3.,70 372.1 1163.7 196,75
635 9.2 -1.95 430.7 184, 23.12 0.9980 0.00643 0.1483 ~3.70 372.1 1163.7 172,53
€60 9.8 ~1.96 430,3 196, 24.62 0.9980 0.,00643 041580 ~3.,70 372.1} 1163.7 183,92

6465 10.2 ~1.98 429.7 204, 25.63 0.9980 0.00644 041647 =3,70 3721 1163.7 191,72

650 9.8 =2.00 429.0 196, 24,62 0.9980 0.00645 0.1585 ~3.,70 372.1 1163.7 184,49

655 9.8 =2.01 4287 196, 24462 049980 0.00646 0.1587 «3.70 372.1 1163.,7 186,64

660 8.2 ~2.02 42843 164, 20,60 0.9980 0.00646 041329 =3,70 372.1 116347 154461

665 0.0 =2.,00 429.0 0. 0.0 0.9980 0.00645 0.0 =3.70 372.1 1163.7 0.0
TOTAL NO, OF CYCLES (INTEGRATED) = 202668.688 CYCLES, TOTAL MASS (INTEGRATED) = 24395 LBS
TOTAL NO. OF CYCLES (MEASURED ) 3 200429.000 CYCLES, TOTAL ENTHALPY(INTEGRATED) =2963.409 BTU
AVERAGE ENTHALPY OF FLOW . 1237,342 B8TU/LB

ho




TABLE XIII SOLID H2 MELTING TEST DATA (RUN NO. = 4 —-- INLET TO CONTROL VOLUME)

Pe 3447 OSIA FLOA TRTALTZERS D¢ CYCLESH FQuz 100 HZ/DIVs Fdva 12040 HZ/CF "
TIvVE CF EvEF TEVF FQ voT < Rigle} Pagiods EVFn Iev'n Moo L EMF2S 0 TiMeo
{SEC) (DIV) (MILev) (DEGeR)  (MZ) (CFY) (=== (LB/FTI1 (LB/¥N)  (MILeV) (DE3eR) (TU/LET (BTU7MNT THIL V) TOBuen)
2 LYY Ceb6 51246 162, 1418 049995 C301274 300150 «7,70 2004
5 lwe2 066 51246 162, 1.18 549999 0.5127¢4 440150 =7.50 dllev
10 14,2 [ Y1 51245 1462, 1013 $e9995 Cenl2le veulbo =Te60 LUD el
15 1642 Uebo 51244 1462, 1ol (e9995 0.01274 JeC15C =lely 20Ve4
20 1442 Cub5 51243 142, 1.18 049995 0.3127% 0e0260 =Tet 0 19440
25 l6e2 Q.65 51243 142, 1.28 049995 0.01275 Q40150 ~Te8U 1%4e0
3N 1462 0469 21243 162, 1428 049995 2.3127% Jeglde -7490 lode>
35 16,2 Q0465 51243 142, lel8 0409995 0401275 0eCI50 ~8400 lgdev
W 14,2 Deb5 51243 1624 1a18 049995 101275 340150 =180 19440
L5 a4 L PY-13 51240 141, 1617 049995 0.01275  0.0149 ST 200
50 14,1 [ 21 5120 lél, 1617 009995 0401275 040149 =760 20548
83 fa.l 0463 51167 1415 1417 049996 0401275 040149 TS50 IO
60 16,1 [ 1Y%} 51147 141, 1,17 049996 0401276 040149 “TebG 21640
6% 14,1 0462 511t 141, les7 069996 0,01277 0+0150 =7¢30 22160
70 14,1 0461 S1le} 141, 1617 009994 0401276 0.0150 ST ddesu
7% 14,1 0oLl S11.2 16t 1617 049996 0,01278 040150 ~1410 23140
A0 16ed 0,61 5111 14l lel? 009996 0.01278 U050 RO TTTESR T
A% 14, 2469 51047 14l 1,17 09996 0Qe027¢ Geuld0 =250 24Uy
G0 14 059 1940 141, 1017 04999¢ 05401279 740150 =0eHV L4584y
1% 1440 0459 51046 140, 1016 049994 0.01279  0.0149 =5e60 25544
10 13.3 0.%8 51041 138, lele 049994 0.,01280 040147 ~60b0 P{II%:
17y 13,7 [ 510.1 137, 1016 A.9594 0.N1280  N.0l48 SELI0 T LTSNV
11e 13,6 0487 509.9 1364 1413 049994 £,0128) Qo065 RLTY Y édlev
113 13.4% 056 509.5 135, 1el2 90,9996 0,01282 Qe0l04 =290 X
120 13.4 1323 50849 134, 1ol 049994 0,01283 00143 TRYIEY T I8Ved
128 1342 0.92 50843 132, 1409 Co%996 (.01285 QsQl4} =5¢80 L8%ed
117 1.1 50 507.6 131, 1099 049994 0.01286 0.0140 STV
138 13.¢ Q68 50740 130, 1e08 049994 001280 240139 L TXEY £r3eds
140 12.0 LIy 50647 120, 1e00 79996 De0 1289 0012y “bebl 977
148 110 0467 506e7  110¢ 0491 049994 0401289 0.0)18 TS TN
15¢ 1049 Qb 50644 18%. DeB7 0,996 UeO12bY vsll12 =2¢40 _2Ube¢
155 1.9 0eh 60641 1154 Cevts 09992 uLUL29C velh12d ~5.30 Slvten
160 1544 0443 50545 166, 138 09993 .01292 vell78 =De2V 31405
1% 17.0 0ol 50408 170, 1463 79993 0.C129) 40183 =2+2U 31445
170 1645 043¢ 50442 165, 1437 049993 D,0129% Tedlvd =220 dleed
173 1640 0438 503.9 160, 1033 049993 0.21296 JallT2 L=9e0U | 3deoy
125 18,8 037 50346 156 1e29  %e%%93 211297 rel6? =049y 3D et
14% 16,0 0435 5020 150, 1425 "49993 T..12%8 el . =490 34944
190 1,1 043} 50242 161, 1ed7 Ue99Y3 Lo Yiuy Tenihd LYY E 3342
195 13,2 7631 50147 132, 1639 06999 LeolidW2 Oeled =4eb0 dhlev
290 12.7 0030 5010 127, 1679 N49993 ~,01302 240137 ~elV  3hbel
208 1242 0429 5011 122, 101 feg991 Juulided Jewl2 =LV 3%l
210 1240 0.27 50044 1206 1aC0 7e9YY2 1S Lewlid =ee20  32Te¢
215 1.8 Q.25 49944 116, 0493 Le992 4013V sewldl mholy  J0Db
220 11.A 025 49949 118, Qe 049992 MN.01306 LI L] =4s0QU 35940
225 1148 0124 49944 118 Ge97 249992 5431307 jeldee Lm0 30300
230 1144 0.23 69942 116s 095 L9992 OQeC13UE Oeyl26 =3ebu IbLY
235 11.2 0422 49942 1124 093 Le9992 toul3ul Vevl22 =Jdely. Jldel
260 1146 9%.21 “93e4 1l6, De96  0,9992 7.01310 Jel2l24 =310 slceid
265 1146 0,20 £98.2 114, 0496 047992 CelULILL vel26 L RUTY 3157
250 1l.8 J.18 497,68 118, 098 0s9992 0101312 Q.Q128 “Jedy 31940
2595 1240 0417 49743 120, lew™ 009992 0401313 Javldl =Jeby ECERY)
260 1241 0,17 «97.1 121, 143 « 1942 "eN1213 Ledl22 b FX Y] 343l
269 122 %17 49743 1224 1e7¢ o ¥92  Mli3ll “eulds =3edv 3066
238 1241 2el? L9743 121, 1490 F45992 7421212 Jeul32 ~dedu 3840
214 "t Tea? w97, e 1L Le2992 feul3l3 Genr13} =3e2u Je¥ et
2R 1M) prRL L9744 123, 172 1 499v2 " 1312 Jelde ~3410 39¢e0
288 12,7 Yely “97.9 127, 1495 e 9992 4, 1310 wour138 =3¢l YL 3
290 12,4 De2% “90e? 1284 1.6 "ef992 o7 121) Sedlde =39 396 ev
294 1249 3?1 “98 44 129, 1637 Ca9992 240131 R LI =deYy d9Yel
3100 12,9 922 498.% 1296 1u3T 049992 2130Y A5l “2,80  4bles
303 139 .23 £99,4 130. 1408 049992 2401308 VeJlsl ~(e80 Lo
3tn 1249 Qe24 «3948  129¢  1eNT 0,0992 6,21307 040140 LmLe1Q _ 4Q5%
3119 1240 Ge24 499,5% 1284 1e)% W 954 L3307 940139 ~2sl0 4055
326 12.% Ne2% «99.9 125, oz Ca9992 .0 13Ud ten 13k =2400 4080
TOTAL %% IF CYLLES (INTEGRATEDY & 425374336 CYCLESH TOTAL MASS (IMTEGRATED)Y » Ue0 75 LS
TOTAL S0y °F CYCLES (MEASYRED ) . CYCLES TOTAL ESNTHALPYUINTEGRAIEW) = JUC) {7
AVEQATF E4TRALPY OF FLOWw . aYy/son AL g

k)
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TABLE XIII SOLID H2

Pa 1447 PSLA,

ENFF

FLOw TOTALIZER =

YEWF

(SEC) (OIV} (MIL.V} (DEG.F}

TInE oFf
1] 0.0

S 22
10 52
15 9.3
20 14.0
2% 11.9
30 1.3
35 18.0
40 27.8
45 31.7
50 1.9
55 35.4
60 36.9
65 3841
70 366
78 358
80 40,2
85 30.0
90 540
95 0s0
100 0.0
105 0.0
110 0.0
115 7.0
120 Ge2
125 12.0
130 13.4
138 1640
140 20.%
145 2302
150 23.7
155 23.0
160 23.6
165 25.5
170 27.8
175 30.5
150 28,1
188 27.2
190 3045
195 30,5
200 0.2
205 3046
210 29.4
215 2943
220 31.8
225 1.8
230 29.5
235 27.6
240 3045
2645 31,0
250 28.4
258 25,1
260 2647
265 2641
210 256
215 27.2
280 35.8
283 645
290 2.7
295  2R.2
300 9.8
308 28.1
310 26.0
318 23.5
J20 18.0
325 5.7

INTA,
TATAL

0+50
Ce 50
0.50
0.50
0e50

0450
0450
0.50
0.50
0.50

.50
0450
0450
Q.50
0.50

0e50
0. 50
0.52
0.50
0.50

0s50
0450
0450
Q.52
0450

0.50
0450
0.50
0.50
0450

0450
0.47
c.a3
0.45
0,45

Cobe2
0e40
0+39
0.38
0+30

035
Ge 3l
0.2%
Q.26
0420

Oelo
Q.12
0.10
0.03
Q.07

=-0.05
~0+08
=012
~0416
~Qe20

=019
=0.18
=01
-0+45
=045

=0.60
=046%
=04 70
=0.75
=0.30

~0¢85

NO. 2F CYILES (INTEGEATEOD)
Ne 1€ CYCLES (MEALUNE™

507.7
50747
507.7
$07.7
507.7

507,47
507,17
507.7
507.7
5CTe1

50747
507.7
50747
50747
50747

507.7
50747
5CTe7
507.7
507.7

5077
50747
507.7
5C7.7
507,17

5077
507.7
5077
507,72

s07.7

5977
506.8
50641
50641
50441

505e2
50646
504,3
50349
50343

503.0
50147
5028
L99,5
49843

497.0
495.8
495,1
L3445
494,2

49044
489,59
487,22
457.0
48547

48640
48643
48243
LY R EE]
4754

4733
AT 7
470.2
45847
467.1

46546

CONTROL.“VOLUME (Cont.)

151235¢ CYCLES,

-]
{n2)

0.
46
104,
166,
230,

238,
226,
350,
555,
634,

638,
708
738,
762
732.

7T10.
804
600,
190

Q.

O
0.
Qe
150,
186,

240,
268,
320,
410
L4

474
460
472,
51C.
556,

610,
562
544,
610
610,

604,
612
583,
596
616,

&36.
590,
5526
610,
620,

5680
502,
534,
534,
512,

S64.
16,
732
654,
514,

596.
562,
520,
LT3
J6r,

14,

AVERAGE ENTMALOY OF FLNA

vVeT
[ }]

Ced

5453
13.97
2337
254138

2690
28439
45,23
65485
75465

8CulS
38.94
92.71
95473
9196

8Ge20
10101
75438
1255
Ced3

0.03
203
0.03
1757
2312

3015
RATY-¥4
40420
51451
58+.29

59455
5179
554390
64,07
65¢45

76463
10.60
69434
76463
76463

7%.98
76498
1337
73.62
79.%0

7390
14,12
69435
16663
17.89

Ttedb
6307
67409
57499
64,32

68434
89.95
9t.90
A2.16
7¢.95

T4.87
10.60
6%433
26405
4,23

14432

MELTING TEST DATA (RUN NO. = L4---QUTLET FROM

<
(===}

Qe 9994
069994
069994
09954
069994

0o 9994
009994
009994
Ce8994a
09994

049994
0.9994
0+3994
Ce9994
049994

Qe 9994
009994
049992
0e 9994
0¢9994

09994
069994
049994
Ce 9794
069994

0¢ 9994
049994
09994
009994
049994

0e 9994
049994
099924
Ce 9594
0¢9994

00 9994
2.9994
0.9994
Ce9994%
00 9993

Q¢ 9993
09993
2.9993
09993
Q¢ 9993

09992
049992
0. 9992
09992
049992

0.9991
049991
049991
0.999N
9+ 7990

09990
0.9990
049990
0.9939
0493088

049989
049989
0.9987
2.9987
049987

0.9587

FQOn 2040 n2/CIV,
Mo ZMDT EMFH
(LA/ETI)  (LB/MN)
0.00545 Cel Ce05
0. 00545 0,030 -~0418
0400545 0.0712 =0+50
000845 0.1273 ~Ce56
0400545 0.1916 -Ce73
0600545 061629 “0e78
0400545 01547 -0.83
0500543 042464 =Ce.89
040545 003806 ~Ce95
0400545 064339 -1e12
0400545 044367 =-1430
04005645 064846 =150
0400545 045051 =31.80
Ce00545 05216 =210
0400545 045010 -2e50
0600545 004860 ~24 60
0600545 0,5503 «2.70
000545 os4107 ~-Ze80
0400545 040684 ~2490
0400545 040001 -3e10
000545 Q40001 -2e30
0000545 0400018 =330
000545 040001 =3s20
000545 040958 =2e0C
0400545 041259 -2+90
0600545 Celbed ~2e40
000545 0e1834 ~2.80
000545 0+2190 =280
0.00545 002806 - 2,80
04005645 032176 -2.80
0400545 03244 =280
0.00546 0e3154 =3.70
0400547 0e3240
0400547 0e3501
000547 043817 =260
0+00548 0e2196 =260
0400549 043870 =260
0400549 003749 = 2460
*+00549 064206 =260
Ue 00550 0.4211 - 260
0400550 Oe 4172 =-2.60
0400552 Ceb238 =260
Ce00553 044079 «-2.60
0.00554 054076 =260
0400555 0e4634 =260
0400557 [ FXTTY.] =260
0.00558 Oedl34 ~3+60
0406559 063873 =260
000560 0.4285 =2e 60
0400560 044358 =2e 60
0400564 044023 =260
0400565 Nel563 =370
0400567 043799 =270
0400568 043809 =270
0.00570 Qe36h2 =250
0400569 043888 =240
0.00%69 045114 =230
0400574 0s5272 =230
0400576 046153 =2+30
0400582 0.4120 -1 10
0.00585 0,4373 =2.30
0.00597 OeAlNT nJe20
0400589 0e3840 ~2e20
0.00571 043482 =210
0400592 Ce2676 =21¢
0400594 040450 =200
TOV AL, WASS

~ 1515684313 CYCLES,
Y £ 151235.000 CYILTS,
12574433 8TU/ZLH

L2

FQvs

TEMNH

493.0
48663
47044
L7445
4693

L6747
46002
444 .4
46245
4573

45167
44504
435.7
42546
41201

40808
40546
40243
39942
392.8

3864
38604
38947
39640
399,2

383.1
36840
36840
36840
36840

36800
3721
3721
37640
3700

37640
37640
37640
37640
37640

37640
37640
27640
37He0
37640

37640
37640
37640
3760
37640

31640
37261
3721
3121
379.6

38341
38644
386 ¢4
3864
10404

38644
38947
389.7
392.8
J92.8

39640

Te96 HZ/CFu

4]

(MILev) (DEGeH) (BTU/L.B)

163445
160641
156841
15013
154244

153740
1531.7
15254
151942
150240

148403
1646448
14 34,8
140147
135045

133604
1321.9
130761
129149
12611

12293
122943
124503
127640
1291.9

12131
1147.9
114749
11479
1147.9

1147.9
11637
116347
11801
11801

118041
11891
1160t
11301
14804}

118041
11801
11801
118041
118001

118041
118041
11801
118041
118041

118041
116347
1163.7
11637
119640

12131
122943
1229.3
122943
12293

1229,
1245.3
126543
12613
12611

127646

{ INTEGRATED) =
TOTAL ENTHALPY(INTEGHATED) £2213.584 BTU

b L L]
(BTU/MN}

00

48437
111.062
1986 76
295460

250438
236493
375.87
578.14
651479

648418
709.85
724073
731.06
676461

6494 42
12741
53677
88¢ 43

0el?

0el?
0e17
017
122433
162. 70

199.27
210057
251442
322 14
3644 57

372042
367.07
377419
413,19
450445

495411
4564 71
442,35
496433
496+ 94

492435
500.11
481440
480095
523430

524461
487.89
457,04
505 70
Sl4e32

47478
414,59
442445
463,27
433.18

4Tt 64
628463
648,07
53424
506444

537460
515419
478424
439414
33146

108453

1. 760 LBS
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TABLE XIV SOLID Hg MELTING TEST DATA

3
k (RUN. NG, = 5, INLET TO CONTROL VOLWME)
] TIME FREYENCY EMFF EMFH EMF23 TIME (FREQUENCY EMFF EMFH EMF23
(sEC) | (m2) | (MInwv) | (MIL.V) | (MInL.v) || (sec) | (#2) | (MIL.v) | (MIL.V) | (MIL.V)
}
- 0 | 100 -5.7 200 | 100 -2.86
) 5 205 -2.78
10 -5.7 210 -2.70
: 15 215 | -2.70
/ 20 -5.7 220 w -2.70
2, 5.6 285 B 3.4
30 -5.5 230 Q -4.20
39 -5.3 235 -3.75
40 -5.1 240 -3.30
s -5.0 2ks -3.30
50 -4.9 250 -3.30
55 4.8 255 | 100 -3.30
60 -u.8
65 -4.8
T0 -4.8
75 k.5
80 -k,2
85 -4.2
90 fof 4,2
95 é‘ "h ol
100 & ~3.9
105 -3.8
110 -3.7
115 -3.5
120 ‘3!6
125 -3.5
130 -3.5
135 '3oh
140 -3.3
145
150 -3.20
155 -3.15
160 -3.10
165 -3.07
170 -3.05
175 -2.02
180 5.00
185 -2.95
190 ’2.90
19 | 100 -2.88
h3
PSP _ O IR T R TS S ot e S o e e e, _ -




TABLE XIV SOLID H2 MELTING TEST DATA (RUN NO, = 5 --- OUTLET FROM
CONTROL VOLUME) (CONT)

Pz 147 PSIA,

TIME OF EMFF
{SEC) (DIV) (MILeV) (CEGeR) _
[ s 0 0e70
S 4ot Ce V0
19 47 04 69
15 Se2 0463
20 549 0467
25 %.8 0¢66
30 1S5.0 0e 65
35 21.% 0464
40 7> 0.6}
45 5.2 0452
50 32,8 0461
53 32.0 0. 60
h 3249 0e60
6% 33.5 0458
13 33.2 2e55
75 led Q.5%
80 13,0 0+53
85 5.0 Qe8¢
90 30 0455
5 243 0455
100 te2 0e55
e 2.2 0.55
119 7.9 055
11% 12.2 D55
122 16.5 0455
125 2246 Ce55
130 D447 9.55
115 2443 c. 50
14C 2444 Cea?
145 25,2 0ok
150 23.2 0e4d
155  23.5 0.45
160 23.% Dedd
IH% 2443 0e42
172 23.8 €2
175 22.4 Cotl
189 24,2 Q.50
145 24.7 Je 40
17) 2248 240
195 19.5 0+4¢C
200 1949 0s40
265 1844 035
210 11.9 Ce 4
219 14,0 Ue32
229 .2 0430
225 9.8 e 30
23¢ Jed 0e30
215 546 0«12
240 5.2 0.130
24% S5e4 0.1
25¢ 7.8 Ge MO
25% 0.0 0+ 30
INTAL
TOYAL NO.

FLOW TOTALIZERE

TEMF

5139
51349
51346
5303

51349

51246

51243

51249
S11e7

St1.4

5111
51043
5i¢.A
5122
5632

SuGe2
50942
5092
502
509¢ 2

50942
509.2
509.2
5092
509.2

5¢9e2
509.2
5077
52643
5061

50641
50he1
505.3
50545
50542

504.9
5040
53844
50%e 6
50440

50446
593492
50247
56241
501.4

501 6
50t .4
50144
91144,
92ted

50144
50144

Fo
(HZ)

Je
82
b

104,

138,

196,

300

4304
546,
704

656 .
640
€40,
672,
6644

648
260,
100,

60

Ce

24
444
156,
diede
330.

452,
494,
486,
4rn,
524,

464
47C.
470.
496,
476

448,
484
496,
456,
370

JA0.
372,
Jag.
PLT N
204,

196
168,
112,
104,
108,

156
D

AVERAGE ENTHALPY 0OF FLOw

voT
(CFu)}

0e0
10430
1181
13407
17636

24,62
37469
54402
68459
88444

82441
80440
80440
84017
B3442

78489
32466
(2456
7454
6429

Je02
5033
19460
30455
4ledb

S5&e78
52436
51e0h
5l 11
55493

58429
59405
59405
h2e 31
56432

56428
60480
52¢%0
57.29
43470

47474
“he7S
42471
15419
25e03

24462
2111
14eN?
13,07
13517

19460
0.0

NO. JF CYLLES (INTEGRATED) =
OF CYCLES (MFASURED ) ¢

86059+ CYCLES,

<

(wrem)

0e 9995
009995
09995
09995
069995

0¢ 9995
009995
049995
09995
049995

0o 9985
049995
09995
069995
049995

009995
049995
€+ 9995
009995
009995

049995
049995
049995
049995
€+ 9995

049995
049995
0e99913
049994
549994

0e 9994
09994
0+9994
09994
€+ 7994

Qe 9994
09994
Ce9994
Qs 94
Ce 9994

Qe 9994
09993
¢ e99G1
Ge9993
947991

0+9993
049993
009993
0.9993
G 9993

0.9991
049993

FO0= 2040 HZ/01V. Fave 7,96 HZ/CFM
/RHO ZMOT EMFH TEMH a] 2N

(LBZFTI) (LB/MN)  (NMTL.V) (DEGeR) (BTU/.8) (BTU/MN)
000539 00 Ce70 513.9 171349 0.0

000539 00555 0620 4983 165342 9168
0400539 040636 =0s39 48240 159146 10124
000539 00704 ~0e¢40 47945 157947 tlle24
0400540 040935 =Ce 60 4733 15567 145455
0e00540 0e1329 =04 60 473.3 155647 206484
0400540 042035 =0,70 47062 154507 14453
0400541 0e2918 «~0e80 4671 15349 447,95
0400541 0e3708 =1.00 40140 15140l 561043
000541 004784 =120 45448 16961 T14e76
0400541 0eh4b0 =1430 458.7 148443 662,06
0400542 Qeb354 =1e40 448.6 147466 642405
0400542 0e43Se =1460 4482,2 1455.0 633.5)
0400542 004564 « 1490 43203 142442 649495
0.00543 0e4531 2420 42262 13897 629469
0000543 0e4285 =Ee70 405.6 132149 566446
000543 0ell74 - 330 38604 1229+.3 213.10
0400543 0s0632 = Jea0 3831 121301 82.78
0400543 Ge0409 =Je60 37640 118041 48432
Je00543 040361 =260 37640 1180.t 40426
0400543 0e0164 = 2le00 37600 118001 19.33
0400543 Ve 0300 =360 376.0 118041 35.43
0.00543 0e 1065 =360 37640 1180e1 1235462
0400543 Ce1665 =200 37640 118041 196048
Ce00543 042252 =260 376.0 1180.1 265474
0+00563 03084 -le b0 37640 118043 363498
0400543 03371 =3s60 37640 1180.1 397,80
000545 Ve 3326 =2e60 37640 1180+1 392454
C 00546 03366 =260 37640 118041 394483
0400547 043597 ~2s 60 3760 118041 424453
0e00547 03186 - 2e 60 37640 118061 375692
0400547 03227 =3460 37640 118%.1 380.78
Ce00547 0e 3229 2060 37640 1180.1 J81.01

0400547 0e 3409 «3eh0 3760 1180+1  422.3}
0400548 043274 =360 37640 118042 386433
0400548 0e2082 =200 37640 113041 361434
0400549 03332 = 2400 37640 118041 393.32
0400549 Qe JAC2 =250 37040 1180e1 401445
0400549 003140 =2.60 37640 118Ce1 370.57
0400549 02686 =260 37640 118041 316493
0¢00549 0e2617 =260 3160 118001 2034381

0400550 042570 = Je60 37640 1180+ 303,24
0400551 0e2350 =269 37640 118041 277432
€.03551 01933 =24 60 37640 118041 223467
0.00552 Oeldls =2e00 37640 1180+1 160031
0400552 041358 =200 37640 1180.1 160,27
0400552 0s11064 =60 37640 1180et 137437
00552 00776 =260 37640 118041 914548
0+00552 0e.0721 =260 37640 118C.1 85404
0400552 043748 =24 50 37640 i18C.1 83431
€.00552 0.1081t =2.50 317946 1196.6 129.35
Ce00552 Ce0 =J+50 379.6 119646 0.0

TOT AL WASS CINTEGRATED) = 982 LI

86359.338 CYCLES,
A5059.0CC CYCLES,
12884450 BTU/LE

ik

TOTAL ENTHALPY {INTFGRATED) =21265.076 a3tus
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TABLE XV SOLID h2 MELTING TEST DATA

(RUN. NO. = ©, INLET TO CONTROL VOLU.E)

TDE FREJELY | BNFR FFH EMF23 TIME EQEINCY| E&F ELFH k]
(sre) (12) | (4r7.y) | (exnaw) | (C1En.LY) (src) | (Hz2) | (MIL.v) | (MiL.v) MTLY)
0 180 1.7 200 130 -2.0
5 1.7 205 125 -1.8
10 -7.6 210 120 -1.6
15 -7.6 215 117 -1.h4
20 7.6 220 115 -1.3
25 7.6 225 113 -1.2
30 -7.6 230 110 -1.1
35 -7.6 235 107 -1.0
k0 7.6 2ho 103 -0.9
45 -7.6 2ks 100 -0.8
50 7.6
55 -7.5
$0 ~T.h
65 -7.3
70 T
15 -6.7
80 180 -6.3
85 178 -5.9
90 176 -5.5
95 175 -5.2
100 17h -k.9
105 172 k.5
110 170 -h,2
115 168 -4,0
120 167 -3.7
125 166 -3.6
130 165 -3.h
1y 163 -3.2
140 162 -3.1
1hs 161 -3.0
159 150 -2.9
155 159 -2.7
160 159 -2.5
1%, 148 -2.h
170 143 -2.3
7y 19 -2,2
180 138 -2.1
18 124 -2.0
190 134 -1.9
| 195 132 -1.9
l; 5




TABLE XV SOLID H2 MELTING TEST DATA (RUN NO, = 6 --- OUTLET FROM
CONTROL VOLUME) (CONT)

Pe 14.7 PSIA, FLOW TOTALIZERs 90660, CYCLES, FQDs 2040 HI/D1V, FQVs  T7.96 HI/CFM
ilﬁf OF ENFF TEMF FQ vor c RHO IMDT EWFH TEM H IMH
{SEC) (DIV) (MIL.Y) (DEG.R)  (HZ) (CFM}  (===) (LB/FT3) (LB/MN)} (MIL.V)} (DEG.R) (BTU/LB) (BIU/MN)
0 0.0 0.50 507.7 Oc 0.0 049994 0.00545 0.0 0.50 507.7 1690, 1 0.0
s 8.2 0,45 506.1 164, 20,60 0,9994 0,00547 0.1126 0,10 495,11 1640.8 184,74
__10_12,5 0440 50446 250, 31.41 0.9994 0,905649 0.1722 =0.30  482.6 1591.6 274,01
15 17.7 0.3 503.0 356, 4k.47 0.9993 0,00550 0.2445 -0.40  479.5 1579.7 386,29
20 18.5 0,30 501.4 370, 46.48 0,9993 0,00552 02564 -0,60 473.3 1556.7 399.11
25 18,4 0.30 S0).4 388, 46,23 0.9993 0.,00552 0.2550 ~0.70 470.2 1565,7 394,14
30 18.e 0.30 fulee 368, 46423 0.9993 0,00552 0.2550  -0,80 467.1 1534,9 391,38
35 19,7 0.25 499,9 394, 49,50 0,9993 0,00554 0,2739 ~0,80 467.1 1534,9 420,34
40 2t} 0,20  498.3 422, 53,02 0.9993 0.00555 0.2942 ~0.90  464.1 1524.4 448,53
45 21.5 0.20 498,3 €30, 56,02 0,9993 0,00555 0.2998 -1.00  461.0 1514.1 453,95
S0 21.9 0,20 498,3 -438, 55,03 0.9993 0.00555 043056 -1.10  457.9 1504.0 459,32 "~
S5 28,0 0,15  496.7 560, 70.35 0.9992 0,00557 0.3917 ~1.10  457.9 1504.0 589,10
60 31,7 0.10  495.1 634, 79.65 0.9992 0.,00559 0.4448 “1,20  454.8 1494.1 664,64
65 32.0 0.10 495.1 &0, 80.40 0.9992 0.00559 04490 =1.30 451.7 1484,3 666.54
70 34,1 0.10 495.1 682, 85,68 0.9992 0.00559 04785 =1.40 “h8.6 1474.6 705,61}

5 37.5 0.11 495,5 750, 94.22 0.9992 0.00559 0.5259 =1.40 448,56 1474.6 175,48
80 18.3 0.02 492,6 366, 65,98 0.9992 0,00562 0.258% =1:50  445.4 1464.8 378.07
85 10.0 ~0.0! 491,7 200, 25,13 0.9991 0,00563 0.1413 ~1.60 442,2 1455.,0 203.60

90 5.7 ~0.04 490,7 114, 16,32 0,9991 0,00564 0.0807 “1.70  439,0 1465,0 116461
95 5.0 ~0.04 490.7 100, 12.56 0.9991 0.00564 0.0708 =2.,00 429.0 1413.,2 100,04
100 4.9 -0.04 490,7 98. 12.31 0.9991 0.00564 0.0694 ~2¢30 418.8 1377.2 95.54
105 4,7 =~0.04 490,17 94, 11,81 0,9991 0.,00564 0.0665 ~2.80 402.3 1307.1 86,97
110 4,5 =0.04 490,7 90. 11431 0.9991 0.00564  0.0637 ~3.40 383.1 1213.1 17.29
115 4.5  -0.06 490,7 90, 11.31 0.9991 0.00564 0.0637 =3.50 379.6 1196.6 76424
120 4.6 ~0.04 490.7 92. 11.56 0.9991 0.00564 0.065! ~3.70 372.1 1163.7 75.79
125 3.0 -0.04 490.7 60, T.54 0.9991 0.00564  0.0625 =3.70 372.1 1163.7 49,43
130 10.0 -0.04 490,7 200, 25.13 0.9991 0,00564 0s1%416 =3,70 372.1 1163.7 164,76
135 20.4 -0.04 490,7 408, 51,26 0.9991 0.00564 0.2888 =3.70 372.1 1163.7 336,10
140 21.8 =0.04 490,7 436, 54,77 0.9991 0.00564 0.3086 =3.70 372.1 11637  359.17
1645 23.0 =0.06 490.7 460, 57.79 0.9991 0.00566 0.3256 =3.,70 372.1 1163.,7 378.94
150 27.0 =-0.04 490.7 540. 67.86 0.9991 0,00566 043823 =3.70 372.1 1163,7 446,84
155 20.0 -0.04 490,7 400, 50,25 0.9991 0.00566 0.2832 ~3.,70 372.1 1163.7 329,51
160 145 =0.04 490,7 290, 36.43 0.9991 0.00564 0.2053 ~3.70  372.1 1163.7 238.90
165 17.8 =0.04 490.,7 356, 44,72 0.9991 0.00564 042520 “3.70 372.1 1163.7 293,27
170 20,0 ~0.10 488.8 400, 50.25 0,9991 0,00566 0.2842 =3.,70 372.1 1163.7 330,77
175 19,5 -0.10 4868.8 390, 48.99 0.9991 0.00566 0.2771 ~3,70 372.1 1163.7 322.50
180 18.0 =-0.10 488.8 360, 45,23 0.9991 0.00566 0.2558 =3.,70 372.1 1163.7 297.70
185 24,0 <0.10 688.8 480, 60.30 0.9991 0.00566 0.3411 =3.70 372.1 1163.7 396.93
190 30.4 =0.10 488.,8 608, T6.38 0.9991 0.00566 0.4320 =3.70 3721 1163.7 502.78
195 30.2 ~0.15 487.3 604, 75,88 0.9991 0.00568 0.4306 =3.70 372.} 1163.7 501,06
200 28.8 -0.17 486.6 576, 72,36 0.9990 0.00569 0.4111 =3.70 372.1} 1163.7 478,45
205 27.2 ~0.19 486,0 564, 68..% 0.,9990 0,00569 0.20888 =3.,70 372,1} 1163.7 452,44
210 26.8 -0.,20 485,17 536, 67,34 0,9990 0.,00570 0.3833 =3.,70 372.1 1163.7 446,08
215 26.0 =0.23 484 .8 520. 65.33 0.9990 0.00571 043726 =3.,70 372.1 1163.,7 433,59

220 25.0 -0.25 486,01 500, 62.81 0.9990 0.,00572 0.3587 =3.70 372.1 1163.7 417445

225 23.8 =0.,21 483.5 476, 59.80 0.,9990 0.00572 0.3419 =~3.70  372.1 1163.7 397,92

230 22.4 ~-0.29 482,9 448. 56,28 0.9990 0.00573 0.3222 =3.70 372.1 1163.7 374,99

235 19.4 =0.32 482.0 388, &A,74 D0.9990 0.00574 0.279 =3,70 372.1 1163.7 325.40

2640 10,0  ~«0.3% 481.0 200, 25%.13 0.9989 0.00575 Qelhbéb =3.,70 372.1 1163.7 168,05

265 0.0 ~0.37 «80.4 0. 0.0 0.9989 0.00574 0.0 -3.50 379.¢6 1196, 0.0
TOTAL NO. OF CYCLES (INTEGRATED) = 91239.,625 CYCLES, TOTAL MASS (INTEGRATED) = 1.067 LBS
TOTAL NG. OF CYCLES (MEASURED ) = 90650,000 CYCLES, TOTAL ENTHALPYU{INTEGRATED) =1396.592 BTV
AVERAGE ENTHALPY OF FLOW L] 1208.310 8IU/L8

g
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} TABLE XVI SOLID H2 MELTING TEST DATA {RUN NO. = 9 --- INLET TO CONTROL VOLUME)
‘4
7 ©s 39,7 9$1ay  FLAA I7TALI2ERe D4 CYCLESs  FOUS 300 rZ/0lve  Fovs 12060 ni/CrM
5 TIvE OF EvEF TEVF 3 vov C Qg 20T E4Fn L dn a L4 [ L) Tumes
S (SEC) (OIV) (¥ILev) (DEGR) n2) (CFM (ee=) [LB/FTI}  (L3/4%) 14lLeV) (uBoend (BTU/0LB) (BTU/ M) tultev) tutvend
¥
} 0 1%.9 1,60 534644 9. Ceb6 Va999y 0CoL123%7 Veuwdy2 “Tedy B
5 5 laeb 1438 $3442 12 D459 049996 0401399 0edos3 =lebY cdded
3 10 13,8 1436 53344 69 057 069998 (401607 040080 -Tett celen
A 15 13.1 le36 533.0 65 Ne54 Ne9998 Qe0lab2 0.0376 =belV cSUel
4 20 1245 1433 53247 62 D452 049998 Q401402 040073 “be9U 24Jdey
2% 1260 1432 93244 60 0450 049998 0.01403 040070 =740 2310
3 30 1.9 1.31 5321 5% 0s49 069998 0e014UG 040069 =649 PELET
9 35 11.5% 1.30 53148 57 0e67 049998 0401405 veulo? LCTY-TY 249 e
q 40 1162 1429 53146 56 Qe 049998 040006 D055 “vel¢ Chdel
f 4% 1142 129 53146 Sbe Qele7  Ne9998 1401408 340066 =0eb5 £2304
E 50 11.0 1429 53146 554 Oetd 049998 0.01406 Qeulba “bebl 2bled
5% 1043 1,29 53346 Sle 0e2 009998 0401406 040060 “0ek0 2bben
4 60 10.0 1.30 531eR 50 0sts]l 009998 Ca01405 0008 =be40Q bt el
3 6% 1047 1431 53241 53s  Qebl 049998 0401406 040062 =6elU  clien
ﬁ, 70 1040 1432 532e4 50 Ostel Ce9998 0oe0laul Vo008 ~oslv ¢16ev
15 9.0 1432 83244 4, 0437 049998 401403 (0052 =0V coley
a0 9.0 1.93 53247 456 0437 049998 Ue01602 JeUUNE L3 1Y) 2824V
1] 9.9 le34 53340 49 0el 0e9998 CeV}4U2 Uewl57 LERY -1V AL XY
M0 9.0 1,35 53343 45 0637 09998 0401401 040952 * =270 {93l
E 95 9.0 1437 53349 N 037 Ce9998 0401399 Dev222 =beby cvlel

90 1.99 53445 b 0437 Ce9999 001394 040952 ~5e55 £YY00
9¢3 lebn 534,80 4o 0e38 0649999 Co0134%7 OeU0b4 LETE-TY 0LV
8.0 lesl $3%,.1 40 0637 Te9999 C13% CeC046 =Dy slcer
3.0 leal 5351 4Ce 0633 049999 euld9s Gedotb “-Jeuv dccot
8.0 1ot 3546 «De Nedd 09999 L N139Y Je b ~hoby FELYLY

8,0 lea$ 53642 40 0432 109999 24912393 NNk —ho 30 35lec
8.0 1449 9374 3N 0633 0649999 Todldve ey w6 ~h ol 35/ e
8.0 1452 53842 40, 3433 049999 Qe0138y “edulsd “holQ Jovet
Y] 1455 53941 “Ce 433 Je99Y99  feul3¥e TP =bke0v 3970
8.0 1458 560240 40 2e32 1e0U . v 1384 vl “3evv I0Iev

4.0 144l 56048 40 Ned3  ler™ 0.023EL CeQ046 =3000 suTey
8.0 | FLYY 56147 40 0e33 1400V 14137y VUG5 =3ely dlcel
849 1448 506249 4Ce 0433 10NN 0021376 ‘edned LEXY T 3lhev
8.0 1470 56344 LYo N 3633 1eneit 26,1375 ATY Y ) LEXY1Y 3106y
8.0 1.72 6440 &0 0433 20007 9401373 Qo> =3e27 slled

8.0 1475 56449 40 0433 1,0000 0001371 TeJubs -3e50 270
8.0 1.78 568,.7 40 7433 140001 1631369 JelULS =-3ebk> J8led
A.0 1430 56643 40 0433 1.0091  DJeC1368 Trewde5 3ol FLFXYY
8.0 1483 5671 &0 1633 140771 Me"1268 Te. 45 =3e3> sSobkel
8.0 1434 56744 40s %433 le 0} o 1365 o Y65 3630 30Uk

8.0 1409 56747 40 5033 142371 01366 reudbd -Jedéd 36040
8.0 leR6 543,0 0. 0433 o071 401263 b RLY) LEXY 2070
8.0 l1e08 5685 a0 1433 147071 401362 FTTRIY ) =2 iU 4¥2e8
8,0 1.9 66849 40 033 140971 0401361 BCURLTH] =3eQu di6ev
840 1491 56948 40 Me33 140901 D) 360 Vet 65 2oV 27Y¥ed

8.0 1492 84947 400 0433 10011 N012359 DeJubs =2eBU 40262

8.0 1,93 5505 47, 2403 Lol nen1308 UTIALY] Loy “JPed
8.0 193 55049 400 0433 140001 DeL1358 UallbH “¢ b0 “wYBeo
A0 1464 55043 40 0633 lenuil 401358 Codub$ =$ e “wivew
840 1+96 52049 40 0433 14032 "eN1356 VeUJwnd ~¢edU wleok

8.0 1497 £51.1 L0 Ne33 1400 2 1356 At =<edV Wicea
TOTAL NOs OF CYCLES (INIEGRAIED) « 115954246 CYCLESY TOTAL VASS CITEURATED) = Veudk LHY

TOTAL NOs OF CYCLES (MEASURED ) o CYCLESY TOTAL EMTHALPYUINTLORATED, » iy
AVERAGE tNTNALPY OF FLAOM . ATU/LR

W7
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TABLE XVI SOLID H2 MELTING TEST DATA (RUN NO. = 9 --- OUTLET ROM
CONTROL VOLUME) (CONT)

!
14 1
) Pa 14,7 PSIA, FLOW TOTALIZER= 142895, CYCLES, FQD»  20.0 HZ/DIV, FQV= 7,96 HZ/CFM
X - —
i TINE  OF EMFF TENF FQ VDT c RHO oY EMFH TEMH H MK
% {SEC) (DIV) {MIL.V) (DEG.R)  [(HZ) (CFM)  (~==) (LB/FT3} (LB/NN) (MIL.V) (DEG.R) (BTU/LB) (BTU/MN)
s
5 0 0.0 «=0.05 490.4 0. 0.0 0.9991 0,00564 040 0.20 498.3 1653.2 0.0
3 5 1le46 -0.0% 490.4 228. 28.64 0.9991 0.00564 0.1615 -0.20  485.7 1603,7 258.99
: .10 16.1 -0.05 490.4 322, 40,45 0.9991 0.00564 0,228} ~0.40  479.5 1579.7 3¢0.20
) 15 19.5 -0.05 490.% 390, 48.99 0.9991 0.00566 0.2763 ~0.70 470.2 15645,7 %27,00
4 20 23.4 =0.05 490.4 468, 58.79 0.9991 0.00566 03315 ~1.00 461.0 1514.1 501.93
K . B
k 25 32.0 -0.05 490.4 660, 80,40 0.9991 0.00564 0.4533 “1.15 45644 1499,1 679,57
H 30 37.5 =0.05 490.4 750, 94.22 0.9991 0.00564 0.5313 =1.30  451.7 1484.3 788,56
¢ 35 38.6 ~0.05 490.4 772, 96.98 0.9991 0.00564 05468 1440  448.6 1474.6 806,35
Iy 40 38,5 -0.05 490.4 T70. 96,73 0.9991 0.00564 0.,5654 ~1.50  &445.4 1464,8 798.95
g A5 41,6 =0.05 450,4 832, 104,52 0.9991 0.00566 0.5893 ~1.60  442.2 16455.0 857,49
4 S0 41.4 ~0.05 490,46 828, 104,02 0.9991 0.,00566 0.5865 ~1.70  439.0 1645,0 847,49 ~ 7
Y 5SS 41,0 «0.05 490.4 820, 103.02 0.9991 0.00564 0.5808 ~1.85 434,0 1429.5 830,31
é 60 42.5 ~0.05 490.4 850, 106,78 0.9991 0.00564 046021 =2.00 429.0 16413,2 850.86
& 65 4l.6  ~0.05 490.4 832, 104,52 0.9991 0.00564 0.5893 -2.05 427.3 1607.5 829,49
? 70 41.7 ~0.05 490.4 834, 104,77 0,9991 0,00566 0.5908 -2.10  425.6 1401.7 828,06
& 75 42,0 ~0.05 490.4 840, 105.53 0.9991 0.00564 045950 =2.20  422.2 1389.7 826,89
y 80 44,0 -0.05 490.4 880. 110.55 0.9991 0.00564 0.6233 =2.30  418.8 1377.2 858445
i 85 3,2 -0.07 489.8 864, 108,56 0.9991 0.00565 0.6128 =240 415,5 1364.1 835.39
5 90 44,2 -0,10 438.8 884, 111.06 0.9991 0,00566 0.6282 =2.50 412.1 1350.5 848,32
‘ 95 43.8 ~0.15 487.3 876, 110,05 0.9991 0,00568 0.6245 =255  410.5 1343.,5 838.96
L
4 100 30.0 ~0.20 485.7 600. 75.38 0.9990 0.00570 04291 ~2.60 408.8 1336.4 573.41
g 108 23,0 -0,23 484.8 460, 57.79 0.9990 0.00571 043296 =2.60  408.8 1336.4 440446
& 110 23.0 ~0.25 404.1 460, 57,79 0,9990 0.00572 03300 =2.60  408.8 1336.4 441,03
£ 115 26,5 ~0.27 483.5 530. 66.58 0.9990 0.00572 0.3807 ~3,00 396.0 127646 486,04
k 120 28.8 -0.30 482.6 S76e 7T2.36 0.9990 0.00573 0.4146 -3,40 383.1 1213.1 502.91
125 29.2  =0.32 482.0 544, 73,37 0.9990 0.0057%  0.4209 =3,50  379.6 1196.6 503,62
130 28.5 =0.35 481.9 570, 71.61 0.9989 0.00575 0.4116 =3.60 376.0 1180.1 485,68
135 23,1 -0.37 480e% 562, 70,60 0.9989 0.00576 044063 =3462 375.2 1176.7 478.12
140 28,0 -0.40 479.5 560, 70.35 0.9989 0.00577  0.4056 =3.65 3741 1171.8 475,35
145 28,0 -0.45 477.9 560, T0.35 0.9989 0.00579 0.4070 =3.67 373.3 1168.6 475.56
150 27.5 -0.50 47644 550, 69.10 0.9989 0.00581 044010 =3,70  372.1 1163.7 466463
158 27.2  -0.55 4T4,8 S44, 68.34 0,9988 0.00583 0.3979 ~3.,75 370.1 1155.7 459,84
160 27.0 ~-0.60 473.3 540, 67.84 0.9988 0.00585 0.3962 ~3.80 348.0 1147.9 454.85
165 26.6 -0.65 471.,7 532, 66.83 0,9988 0.00587 0.3916 “4425 34647 1100.2 430.86
170 26.2 =0.70 470.2 524, 65.83 0.9987 0,00589 0.3870 4,70  327.2 1081.7 418459
175 2640 -0.75 468.7 520, 65.33 0.9987 0,00591  0.3853 ~4,70 327.2 1061.7 416474
180 26,2 -0.80 467.1 524, 65.83 0.9987 0.00592 0.3895 =4,70  327.2 1081.7 421,32
185 25.6 =0.8S 465.6 512, 64,32 0.9987 0.0059¢ 0,3818 4,70  327.2 1081.7 413.01
190 25.0 =-0.90 464,1 500. 62.81 0.9986 0.00595 0,374l -4,10  327.2 1081.7 406.65

195 25.0 ~-Q.95 462.5 500. 62.81 0.9986 0.00598 0.3753 =670  327.2 1681.7 405.98
200 3.5 ~1.00 461.0 470, 59.05 0.9986 0.00600 0.3540 ~4.70  327.2 1081.7 182.88

. 205 22.4 -1.05 459.5 448. 56428 0.9986 0.00602 043385 =470  327.2 1081.7 366417
210 23.8 -1.10 457.9 AT6. 59,80 0.9985 0,00606 0.3609 =6,70 327.2 1081.7 390.36
215 23.1  -=1.15 45644 462, 58,04 0.9985 0.00606 0.3514 =4,T0  327.2 1081,7 380.15
220 23.2  -1.20 456.8 4bh, 58,29 0.9985 0.00608 0.35642 =470 327.2 1081.7 383.08
225 22.5 =1.25 453.3 450, 56,53 0.9984 0.00611 0+3646 4,70 327.2 1081.7 372.78
230 22.0 -1.30 45147 440, 55.28 0.9984 0.00613 0.3381 =470 327.2 1081.7 365.74
235 205  ~1.35 450.2 410, 51,51 0.9984 0,00615 0.3162 6,70 327,2 1681,7 341,98
240 17.5 ~1.,40 448.6 350, 43,97 0.9984 0,00617 0.2708 =470  327.2 1081,7 292,95
245 15,0 ~1.45 467.0 300, 37,69 0.9983 0.00619 0.2330 ~4,70 327.2 1081.7 251.98
250 3.5  -1.50 44544 70, 8.79 0.9983 0,00621 040545 =4,70  327.2 1081.7 59,00
255 0.0 =1.55 443 .8 0. 0.0 0.9983 0.00624 0.0 =470  327.2 1081,7 0.0
TOTAL NO. OF CYCLES (INTEGRATED) = 143639,563 CYCLES, TOTAL MASS {INTEGRATLD) = 1.727 LBS
TOTAL NO. OF CYCLES (MEASURED ) = 142895.000 CYCLES, TOTAL ENTHALPY(INTEGRATED) =22064462 BTU
AVERAGE ENTHALPY OF FLOW = 1277.876 8TU/L8
b3

gt :..:’:-ajs-, R SRIPRP. e




TABLE XVII SOLID H2 MELTING TEST DATA

(RUN. NO., = 10 INLET TO CONTROL VOLUME)

TLME QENCY EMFF EMFH EMF23 TIME Pmmvcy EMFF EMFH EiF23
(sec) | (wz) | (MIL.v) | (MILV) | (MIL.V) (szc) | (#z) | (MIL.V) | (MiL.v) | (“IL.V)
0 280 5.85 -7.60 200 301 3.11 -L,10
5 5.88 -7.59 205 303 3.07 -4.05
10 5.92 -7.58 210 312 3.03 -4.00
15 5.96 -7.54 215 318 3.02 -4,00
20 6.00 -7.50 220 318 3.01 4,00
25 .98 <T.hy 225 318 2.98 -3.93
38 2-36 -$.38 230 319 2.96 -3.85
35 5.91 -7.29 235 | 329 2.93 -3.70
40 5.87 -7.20 2ko 323 2,91 -3.55
b5 5.82 “T.17 2k5 318 2.90 -3.32
0 .8 741 250 330 2.89 -3.20
2“ ;.3(6 -}(.0253 255 330 2.88 -3.15
60 5.7k -7.00 260 323 2.88 -3.10
67 5.68 -6.85 265 320 2.87 -2.97
70 & 5.62 -6.70 270 | 324 2.85 -2.8%
75 ] 5.41 -6.50

80 ) 5,20 -6.30

85 5.01 ~5.15

90 4.82 -6.00

95 k,7h -5.87

100 b.7) 5475

105 4,62 -5.67

110 h.5h -5.60

115 .43 -5.,59

120 k.32 -5.5%8

125 1,28 -5.49

130 el -5.40

135 Lol -5.20

140 263 4,00 -5.00

145 263 3.81 -4.95

150 268 3.72 -4.90

155 5L 3.62 -4.80

160 | 272 3,41 -4.70

165 e 3.0 b .50

L) 20e 3.5 -4,50

175 265 3.28 b a7

180 276 5.2k -4, 45

185 280 3.21 -4, 40

190 A 3,1 -h.35

70 e 5010 -4.22

k9
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i TABLE XVII SOLID H2 MELTING TEST DATA (RUN NO. = 10 --- OUTLET FROM
;| CONTROL VOLUME) (CONT)
| .
| Pe 14e7? PSIAY FLOW TOTALIZER® 186633« CYCLESY FQD=® 2040 HZ/DIVy Fuvs 7,96 HL/CFM
TIME OF EHFF TEVF FQ vor C RKO 2707 EVFH TENRH M ¥
(SEC) (DIV) (VIL.V) (DEGR) (H2) (CFV) (ee=) (LB/FT3)} (LB/YN) {4lLeV) (DEGeR}) (BTU/LB) (B8TU/ 1)
0 0s0 =026 48348 0o 000 049989 0,00572 040000 [ 50445 1677.v Qe QU
5 $¢6 =0426 &R3.9 112 14407 0.9989 0400572 C.0804 =030 48245 1991e6  12)e9!
3 10 740 =026 48348 1404 17458 049989 0.70572 041905 “0e75 46346 354062 154480
< 1% 1046 «0426 «83.8 2124 26463 009989 0.00572 Celb2l =0ed3 46642 93161 233642
* 20 1746 =0,26 4838 352, G4e22 049999 0,00572 Ce2526 =09y 4blov 1952443 0becv
r
% 28 2440 «0426 «83.8 ©80s 60430 0.,9939 0,00572 Qe3445 =0.93 463.1 19212 Hebedd
3 30 3345 =0426 48348 670, 84417 049989 0,00572 040809 =0.55 46245 151ve2 130072
v 35 3%5.6 =0427 83,5 7124 39kl N,9909 0600572 045114 -1.17 45947 loyTel Tooela
3 40 3645 ~04?28 483,2 730¢ Y1470 069989 0.00%972 065247 =1.40 Lbbed laTaee T13417
4 45 3668 =030 %8245 T36e 92446 049989 0,00573 045297 =le6> GbyUed 149060 Tobele¢
A 50  36.9 =0431 482.? T38s 92471 049949% 0.20573 045314 =1.90 @322 1uches 120690
: 55 3549 =0432 48149 Tl6e 0994 Ne9925 0,00574 0e5159 =1.92 43146 162240 133415
. 60 36l 0 =0,33 8148 620y E5462 N49949  0,00576 $e4903 =1l 43246 1al8el by lv
E 55 2642 ~Del4 48143 S26e 6582 009999 0.,00574 Ge370l ~le9ya 43143 142,09 23lec0
? 70 27.0 =0e39% 48149 540e 67483 49989 (402575 043899 “1.90 ©3243 14lbee 5924¢y
; 79 4b4eb =0436 480.7 8884 111455 049989 0400575 Qebbl5 =197 430.0 141oe> 908y
3 RO 4546 «0e37 4804k 9124 114457 009989 0.00576 046593 2,32 “w2le3 14vled  Yeoeu2
3 A8 4S54 =0,38 48060 908e 114¢07 049989 0400576 0+6568 =207 42640 lauded v23400
> 9C 4043 =0l 67%64 806e¢ 101425 0499489 0,005277 Os5838 =2419 42546 i4uleT olivede
4 9% 31e8  ~0e03 47845 636s 79439 049988 0.00578 VebblH =2elv 602546 fuvlel oulevd
ad
i 100 23.8 =069 47749 4T6s 59479 Co9988 0,0057v 043459 =2410 42246 140rel Gobenl
T 105 3843 0607 4772 7660 76023 349933 0400579 Ve5573 =celv “ibeb i4vle? Tsleco
e 110 4701 =050 647543 942, 118434 049988 90,0058 046867 =241y 42546 1497 ¥62465
é 115 47.9 «0.57 67462 958¢ 120435 09998 (400593 Je7015 «2.17 LYEYY? 33934 217439
X 120 #6417 =0465 4717 934¢ 217433 049987 0.00586 046475 “242% 42045 13035 v2lecd
12% 4343 “0¢68 47048 886e¢ 108¢79 049987 Q.0n5827 046387 “2e27 Llve8 13010 ¢enleis
130 31.8 =0.71 46508 6364 79489 0.9987 0.,00588 Vek700C =2430 4loel 13774¢ bGTecY
135 3%.0 =0e¢75 46846 700s 87493 049987 0.00590 045186 =2435 417.1 1370e7 710691
140 4340 “0e?*S 6545 860 10804 049986 0.00594 066413 =2¢49 41544 130401 874480
168 4442 «09% 46245 8844 111409 049986 04005%0 206635 =245 Lleed L3%Ueb BYOW L0
150 4342 =1¢9% 459406 64 108e56 049985 000602 Ve6528 2460 Luden 133000 Blleby
155 53.0 =1,12 45763 10604 133416 U49985 0.00605 CeB8067 «2461 Lyuded 13360y Llulbeco
160 &9.0 =120 45448 980+ 123411 049980 1,00608 07679 =262 4yvel 1333¢5 ywvleal
16% 19,5 1476 «%0.1 T90e 99426 149982 N40N614 2.06091 =2466 4ubes {32747 oUBe04
170 39.2 =150 Lh8et 79Ls  SRW4G 0,9682 9,00421 "e6109 =2eb0 4Nbeg 1324eu  309e0%
178 4040 “1470 39,9 800 100450 £49991 N,0063C Ne¢6325 2472 4049 131beY  BO%ec
180 400 «l.90 43243 800¢ 100450 049982 D060 0460621 =276 42346 138340 Bedelv
188 3943 =2.00 L2940 T86s 98476 049980 0,006065 Qe6357 =248l “Q2ev 13ude> oovevi
190 4149 =2410 “2%¢h 8366 1U5602 Q49977 De03652 Jebll5 =256 Gutes 127040 BO%ev2
195 &leé =223 42142 832¢ 106452 045978 Ne0I557 Jebtb2 =2eb3 yles 13020 o0Y2ebS
270 3946 w2445 Ll3.9 1860 $8499 049977 0.00668 Uebbu5 =2ebv 40263 130740 o03eu¢
20% 39,0 =2.%7 ©09.9 780¢ 97498 0s9976 0.00675 046601 =2487 400l 12y0e9 895490
21N 19,5 =2,70 40545 T90s 99424 $49975 0.,00682 046756 2495 39745 120443 ooulsle
218 34,9 «2,40 %0243 698, 8768 049975 0.07687 Te6216 =290 396406 2ivel 164491
2720 3%.0 =290 399.1 T80 97490 L.997C (069, . o677 LTIV IVhey 12luet BODeaY
226 31.% ~3.00 19640 T8¢ 9697 0.997& C.00698 veb620 =2+9%5 31led {obed EHVecv
230 39,5 =3,10 1924R T90¢ 99424 49973 2.7CT04 6973 =28 “Joel 127742 90bece
235 3042 =3.2% 164,10 6% 75497 049972 N,N"T13 65366 ~2+15 CWPFES ] 1316e5  lyveley
260 26" ~3460 18%.1 5206 65032 L9971 L,0%7c2 Q66735 =21 G 30 133605 Livevy
2485 2%.9 =3.689% 377,09 518s  £5407  N4097~ A 72352 Ne6152 “2.7% G449 130z v WU
250 2644 “3,10 37261 532¢ 66433 "GYEG S0 L6855 =2e&. é.ce0 1353b6e6  DUCeuy
285 2645 “2.74 16848 490s 61455 049969 ., 7% - =202 “ ERUTT T T
250 18.~  =3,45 316548 360 45422 Q49968 2, 7594 sedbl13 =260 4,362 L330es S euw
265 7.8 -3.97 16449 1560 19499 Ge9968 Ce0"75y ) L6k} =26y “ubesn $33bes  lyrern
270 QN =3eqn 26344 [+ 1 AeD™ A49968 "e™NTHL 20120 “2s6V 171 ) 1336e0 veuv
TCTAL »0e 0F CVCLES (INTEGRATED) » 1ABIN39,50C0 CYCLES TOTAL “ASS (IvTroRalES) » Coeldd LU
T0TAL 0, OF CYCLES (VEASURED ) » 186633,031 CYCLESH TUTAL ENTHALPY UINTRGRATED) as3vveuil Blv
AVEQAGE FNTHALPY QF FLOW . 13664653 ATY/LE




TABLE XVIII SOLID }{2 MELTING TEST DATA

(RUN, NO. = 12 INLET TO CONTROL VOLUME )

M R R A T R AT At L T T A R R T R
-

3 TDME FREQENY| BFY EMFH EMF23 TDE rmq,rsmcy LFF ENMFH EMF23

: (sec) | (m2) (MIL.V) | (MIL.V) | (MIL.V) (sec; | (@) | (MiL.v) | (MIL.V) | (4IL.V)
§ 0 1.26 5.10 -7.10 200 1.91 3.60 -4.00

1 5 1.26 5.10 -6.68 205 1.93 3.57 -4.,98
: 10 1.25 5.10 -6.28 210 1.96 3.55 -3.96
- 15 1.25 5.10 -6.43 215 1.98 3.53 -3.92
] i 20 1.2k 5.10 -6.58 220 2.00 3.50 -3.88
< 25 1.22 [ 495 ~6.40 || 225 2.03 | 3.47 ~3.8k
: 20 1.20 4.80 -6.28 230 2,05 3.45 -3.80
2 35 1.20 4,70 -6.10 235 2.07 3.h2 -3.78
{ 10 1.19 4.65 -5.78 240 2,10 3,40 -3.7¢
; s 1.19 4,60 -5.80 2hs 3.38 -3.72

1.23

] 50 1.26 4,5k -5.88 250 2,10 3.36 -3.69
3 55 1.29 4,50 -5.80 255 2.11 3.34 -3.66
: 60 1.33 b.ks -5.77 260 2.11 3.32 -3.63
65 1.38 boh1 -5.58 265 2,10 3.30 -3.60

70 1.th 4,38 -5.60 270 2.10 3.28 -3.57

1.49

75 1.55 4,34 =555 275 2.10 3.25 =3.55

80 1.60 4,30 ~5.50 280 2,09 3.23 -3.52
85 1.65 h.27 -5.48 285 2.09 3.20 -3.50
, 90 1.70 4,25 -5.46 290 2.09 3.18 -3.47

95 1.72 4.21 -5.37 295 2.10 3.15 -3.15
100 1.75 4,17 -5.28 300 2,10 3.12 -3.43
105 1.77 4.13 -5.17 305 2.12 3.11 -3.40
110 1.77 4,10 -5.07 310 2,14 3.10 -3.38
115 1.7 4,12 -5.,01 315 2.16 3.08 -3.36

120 1.76 h.1h -4.96 320 2.18 3.06 -3.3h
} 125 1.76 | 407 4,88 325 2,20 | 3.04 -3.32
! 130 1.76 .00 -4.80 330 2.23 3.02 -3.31
135 1.76 3.96 ~b.79 335 2.26 3.00 -3.30
140 1.76 3.92 -4.,70 340 2.29 2.98 -3.27
145 1.76 3.89 -k.60 3hs 2.31 2.96 -3.25
150 1.76 3.86 -b4,52 350 2.33 2,94 -3.23
155 1.77 3.83 SRy 355 2.35 2.92 -3.20
160 1.79 3.80 . 300 2.38 2,91 -3.18
165 1..80 3.77 -4,36 305 2. 2.90 -3.16
170 1.81 3.75 -4.30 372 2.hh 2.68 -3,1k
175 1.83 3.72 -4.26 375 2.k6 2.86 -3.12
180 1.85 3.70 -h,21 380 2.48 2.84 -3,10
185 1.86 3.68 -h,17 385 2,50 2.82 -3.10
190 1.87 3.66 -4,13 390 2.52 2.80 -3.10
195 1.89 3.63 -4.07 295 2.55 2.78 -3.10
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TABLE XVIII (Cont.)

TIME [REQENY| RIFF EMFH EMF23 TIME JREQENCY| EMFF EMFH EfF23
(skc) | (M2) | (MIn.v) | (MIn.v) | (qin.v) f| (sec) | (H2) | (MIL.V) | (MIL.V) | (MIL.V)

400 2.58 2.76 -3.10

405 2.61 2.75 -3.10

410 2.65 2.74 -3.10

15 2.69 2.72 -3.21

420 2.7h 2.70 -3.12

425 2.79 2,68 =3.1%
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TABLE XVIII SOLID H2 MELTING TEST DATA (RUN MO. = 12 --~ OUTLET FROM
S CONTROL VOLUME) (CONT)
i’ *
4 - Pe 1447 PSIAY FLOW TOTALIZER= 173397, CYCLESH FQDs 2040 MZ/DIVe FUVa  T490 HZ/CFN
i
: ' TIME  DF EWFF TEVF FO VDT 4 RHO 7407 £11Fn Te'in " 2
4 (SEC) {DIV) {MILeV) (DFGeR) (HZ)  {(CF) {m=e) (LB/FT3)  (LH/WN)  (41LeV) (DESLHD (BTU/LB) (B8TU/ZIN)
: 0 040 0425 499.8 Oe 0400 09992 0,30593 0,070 0e35 50340 167148 0600
: 5 7.0 0.26 49948 1404 17458 049992 0.00556  0,9973 JeUv 4924y 164843 19deYd
. , 10 944 0423 49942 188+ 23461 049992 0.00556  Col308 “0e65 6717 1551ed 202495
3 . 15 1le6 0422 4989 22Re 2Be64 049992 0.C0554  Teldu7 “0e78  4bT4T 153740 2346404
s . 20 2142 0.21 49846 6264 53426 049992 0.,00555 042954 ~Qe9U  &Lb4LY 15¢9e3 490431
3 ' 2% 23.2 0020 49842  4bke 58429 049992 000595 043235 “Ne99  4blea 15151 490427
% 30 2848 0419 49749 5760 7236 009992 0400555 0s4018 =1e0b 45967 1510su 606083
e 1% 32,0 0417 49743 640s 80460 049992 0.00556  0e4t70 “lels 45646 150040 670403
4 40 3243 0415 49647  bube 81415 049992 NWO0U55T  D.06518 ~1e2%  GH3ec 160942 6Tlebo
b 45 33,0 Ol 49646  660s B2491 049992 N0955T 244619 =leb2 4474y 161246 68Jeh
S 50 32,7 0413 49640  654s 82416 049992 0400557 044579 “leb0 44242 165540 666440
< 83 34,1 0l1l 49846 6820 5.67 049992 Co00558 046782 ~le75 4373 16439.9  6obabY

60 18.3 . 0610 495.1 3660 45,97 069991 0400558 042567 =1.90 43243 160402 3020T¢
63 447 0209 49448 S6e 114490 049991 NeGN559 060659 =250 41l 139004 slele
70 11.5 0408 49645 230s 28499 00,9991 CoOC559 0s1615 =215 4udey 131aed 212439

7% 198 0407 49442 316s 39469 049991 0400560 0e222) “2eb% 4097 129945 203467
B0 19.5 0406 49348 390s 48499 Coe9991 «Or560 142743 =24 30 397> 120680 25245¢
83 2242 0405 49305 Gube 55077 049991 1403560 Q43125 «2493 e 127ve1  S97eve
90 2346 04004 49342 4726 99029 049991 COC561 UeddZe =349 390y 12760 4Gcboedo

9% 2445 FLTY 49302 490e 61455 Ce99Y1 QeNT561 0e3651 =343 3954C 127169 438e¥0
100 2640 073 49249 520s 65432 249991 7501 0436064 =3405 340k 12voen 4ubaV
105 2546 0403 49249 510 64037 49991 £4002561 o359 =310 39544 122302 4DU4S
110 2%l 0402 49246 5020 63406 Me9991 QeC75561 "e354C =3.2% 38900 125063 433403

118 2%.8 Ce02 49246 516s 64482 (49991 Deunbbl V3633 ~3.32 3357 1226s) 446l
120 25,3 0401 49243 $06s 63456 049991 200562 De357) =3,40 3330 12tsed b35ea

125 2%47 0400 49240 Slbe 64457 N49991 (enNN562 e 3529 3,04 3dle7 12Uoed 657600
130 2448 =001 49146 496¢ 62431 Ce9951 0400562 Je3504 =3e bt 30ved 119YeY  acuezld
135 (540 =0.02 49143 500e 62481 Ne9991 Ne17563 043530 =3.469 31949 117800 423457
140 28,0 Q.03 w9len 500e 62481 Q9551 771503 L3037 =345 slr46 1lv6eb  weseel
149 2846 =0404 “9007 508e  63em1 D999 “e20563 vedhGé =3edV 31940 117666 G303

150 23.8 =005 49044 4Tbe 59¢79 049991 0,00566 CGe337) w3y 3Tve0 117646  4U34417
15% 2440 ~0407 4897 490s 60430 0e9991 Ce0N565 Ted006 =3.51 3774 13ybev GUbLBL
160 23,9 =0.10 488,83 4T8¢ 60405 49990 400556 Jed3v6 «3452 3706 il73e3 4ubesd
165 2443 «0s+12 8842 4B6e 61025 049990 NeND056L Gedeb? LETS 1 s1se¢ (lavel bilewy
170 22.9 =0elé “874% 450s 5753 049990 €40567 Ve3262 =3e56 370 110647 20le1Y

175 2640 =0.18 40742 4804 60430 (o999 ~eN0567 04342} 3469 315.9 118Gel 403479
180 2449  «0.17 48646 4960 62431 09990 TeCN56E 043540 =3e5% 21740 1lobeT 420413
185 36.1  =0420 8347 T22¢  90eT) Ne9990 AN56S "e5163 =3453 EXLTY] 117166 61043V
190 2642 =023 w8407 4Bhe  £0489 049990 0,037 e dlb? =345 3Tvs0 117040 4lGeyy
195 2046 =027 4638 4126 51475 Te993S  D4CNST2 202959 3454 31%.0 llvoe6 354410

' 200 228  =0430 48245 4566 57428 049999 7410573 04328) =l do 355.1 111245 30500

208 2242 =0433 “8le6 Lhhy 58477 049989 C.00574 fe32v) =bo bV 33048 1066 247.9Y
210 220 “0¢37 40044 L40s 55,27 049979 D,ANET6 fe3141 =3.99 359.9 152340 357420
21% 22 =049 47904 La0s 55427 N.9980 £,0N0E677 Co3lry =3.47 36041 11240c 350435
220 21.8 “Qetsle L7842 436 S54eTT Ca9984 D.0N5Tm Ne3l66 =3.95 36i¢0 11¢beT  354T0

225 2145  =0447 6772 430s 564052 04999F 0,00579 Cedl2y =39 36346 1135344 356602
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. Eeproduced from %\\“’%
k \\

€ i S
TABLE XVIII {Cont) st available copy. @S
230 21e& “Deb% Wlhe? L2fe 53476 “eSye¥ P e312¢ “hed, Shweg 1.9Tev  S4cede
235 2147 =263 47965 L3be DBeH2  Ne9PIE NeN"HTH Nesley XY 3hved 1336, S0 1ews
260 Plem  =Nebh AT74%  L3be OLLTT 0W99¥E o086 " L3112 -L,59 3346t 1osvew  24De27
! 245 2169 =089 47362 L8, %5472 J.099@ v, LUy “esll3 “lLe2 35¢et avtree  SVuevd
3 250 21t =NekH ~71e? L38e %LeTT Teuye7 L6 W30 9 =heb2 33let 1usYeu D4vedD
- 255 21.¢ DTN w701 L3he 56,77 «GInT o "Hme “e3219 —hoy 2584e% WS e, SVuete
1 260 216  =0,73 L6942 L28s 9347 YT N MhYY Ve 3lE7 =4o5b 3300 iJEYey  Slbweyd
& 265 21e2 =077 46940 624e 53425 Ne99v7  TaD"Sv] Yedlab 4ot 3580y IUS ey Imledt
% 270 2le6  =0,2) wblei L2Be 93076 CeS926  LeDI992 Jedlul =he9o 332eC LuByeu  JSudews
.
f 275 2l.* «0eR4 26549 420, 5270 NeG9UE D759 Te140 -fe92 33248 LI el deve.v
5 290 ?20.% ~0e27 46649 Llhe 92626  teSHME -1 velley “bed3 3320 Ivoyeu Liocedt

285 2047 «0.90 (- L) Llae 2471 NabYuE 5490 Le3N67 LoD 33240 Woteuw  231ed2
290 20.% «Ne9% 46245 L1Cs  TleD7 a99YE e ) S «377 =te22 334ed ludved 339617

3 295 2046 =102 4610 LTB. 21425 fav9ub  Ce{0ALY Te312 “leHD 33240 [SF L FYVEF FUTY )
N0 206 =1.0% 45940 412¢ 51eTH  "eOYRS N N502 Se3113 Lot 23800 1J37ed  I37e00
3NS5 1944 =1410 45749 AQE,  AR,TE TeF9EE L .,C804 Cedbtl =loud FETX XS AvSoeu  Jlvec

310 2049 ~lel5 L5603 Wlfe 52451 049985 .0N0646 Qe 4179 =4e2? 23468 10U 34beL
315 1948 <1420 454,00 396 49e76 009986 (J6UB (031222 =Lebs 33l 1voTes  3¢cely

320 1Re8  ~1475 45342  37he 6T423 Qe9934 D616 442879 =Leby 330y wwBles 353411
125 18,5 =1,37 65147 AT whel? MG093L 0 1,0 K]12 ALY} ~heb 438, tesles suretl
4 EEL IS LY =146 25%1 Kb, wbe2s My test Ml sed=7 “lbedy 33lev analed  3unedd
£ 3135 1Re2  =le4Q “48e8 260 wHeIT  9Y=u N oV 514G “e2332 ~ledY 331 w 3les 3uTedw
“« ILT 1R4F =169 X% %} 178 L7423 De9%-7 e bl EYEIL] by $33e. cwwled .’l.o“\l
K 348 22472 =190 165eh Lhls 95477 "eG982  ".NPH2E “esbdy ~lhedy FEFYY tvwled lvect
i 350 20e% =185 L6348 Gfh Sled feCEr2 %, M623 43175 =heny  33ley  douTes dkaecw
. 386 17.4  =1450 46262 efe 43Tl TeIWH? N N25 L2731 —hebi 3816y sudles civery
%‘ IN0 1Ten «leh5 46945 3L0e 62471 G982 oCnhKLE *a 2870 =Loby 331 tueTed ¢viede
. 368 18.9 =1470 43849 T78s GTehi N99I) I N630 Ne9na ~tobY 3586 W3les sehewe
! 170 2244 =1475 43743 G4Pe U6 MIGHY 0.NGB2 e nsS LoDy 23t tuules  seved]
' 375 224 -1l %3504 L9, DKe2r Te99RY S, f 35 “e30bz =t} S3ley tuvled 2.3evuc
380 15.9 =1.7% L2640 UiVe  4Ferh MLy o hul e e oD sSen avvlos dloest
4 ELT I UYL R 3 1 €324 299, 3Te47 De9YEN NATHLC LLe289) -hev? 338 tuvles cuuevud
N 390 1345 «1493 &314% 270¢ 33491 M990 "N 661 “ellle =440y FER Y tesled C30ede
= 398 10e% =1.94 43302 2160 27413 Ce9%8 D063 LelT741 —4e5Y 334090 ivoles tuseso0
N 600 9.0 =247 42941 1804 22481 4598 66D (G1455 =Ledv  25lev ieslea a2deov
'- uns bets 2401 L2neh 12804 16424 0e998Y et nf6d velslo =b4ed% 23160 §907e5 1i2evt
A 410 642  =2.02 42843 B6a  1Ne55 069979 12.20666 e ubHY =LYy 35Len LUn7.3 13099
L 415 249 =2403 42709 564 Te%3 049979 WNM666 e debh  =0459  331ev  L1JoTes  4seav
s 420 247 02,04 42746 L0, Se% 109979 "o 17667 Vo326 =hoty 33743 Lureed dDedid
3 %25 D¢t =247 22707 L fe b 997y o be? ods W =La3, Shibrec Lusley Ve ib
g
. TOTAL " %6 "€ CYCLES (ITEGIATED) = 173109,0uu CYCLLS, TUTAL "'ASS (I Jeoxhallv) 4 Coduy UY
4 TCTAL 206 GF CYCLES UMEASURED ) = 171397.31 CYCLFSy Tutal & TanlPYlaTeonniby) 3c50lebb0 BIV
AVERAGF EVNTHALPY JF FL2 L] 12094285 RTU/LH
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TABLE XIX SOLID H2 MELTING TEST DATA

(RUN. NO. = 13 INLET ‘T0 CONTROL VOLUME)
TLME [FREQUEICY FMEFF EMFH ENF23 TIME FREQUEEY | EMFF EMFH EMF23
(src) | (u2) (MTL,V) | (MILV) | (MIL.Y) (secy | (Wz) | (MIL.V) | (MIL.V (MIL.V)
o 6.85 -5.60 200 4,00 -3.40
5 6.00 -5.15 205 3.97 ’
10 5.30 -5.15 210 3.9k
15 5,40 -5.10 215 3.90
20 5.45 -5.48 220 3.87 -3.30
25 5.45 25,49 225 3.83
30 5.38 -5.51 230 3.80
35 5.30 -5.53 235 3.77
%0 5.26 -5.56 240 3.7h -3.20
s 5.22 -5.56 aks 3.72
50 ~5.56 250 3.70
55 ~5.56 255 3.6%
60 5.08 -5.56 260 3.52 -3.06
65 5.0k -5.56 265 3.58
70 .00 ~5.55 270 304
15 4,95 =5.45 215 3.52
80 1.90 -5.18 280 3.50 -2.92
85 &7 -5.15 285 5.44
90 k.85 ~3.08 290 3.2
95 L.82 ~5.00 295 3.40
100 h.Th -b.g2 300 3.38 -2.83
105 b.TL <h.72 305 3.3k -2.77
110 4,68 < k0 310 3.39 -2.7%
115 .64 k24 315 Lol -2.72
120 4,50 -4.09 320 3. - -2.70
125 k.55 -5.00 325 3.23 -2.67
130 h.50 -2.92 350 3.20 -2,65
135 L 4G -3.90 335 3.37 -2.63
140 h.h2 -3.82 340 30 -2.60
145 %.38 345 3.12 -2.58
150 b3k -3.75 340 3.10 -2.59
155 k.32 355 3.09 -2.52
150 4.4 ~3.72 360 3.008 ~2.50
16y 4,2 365 3.06 -2.48
179 h.oQ 370 1.0k -P.un
175 ho1c 375 3.9 -2.Lb
180 4.12 -3.55 380 3.00 -2.42
184 4,10 389 2.97
19 o8 390 2.9%
1)) L. 0k 395 2.93
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TABLE XIX (Cont.)

.
¢
4
3
3
i3
g

TR R

THE [FREQYECY EMFF EMFH EMF23 TIME QENCY EMFF EMFH EMF23
(s5¢) | (Wz) | (4In.v) | (MILV) | (MIL.V) (cEc) | (Mz) | (MinLwv) | (MIL.V) | (MIL.V)
400 2.90
405 2.87
410 2.85
k15 2.82 -2.30
420 2.80
k25 2.78
%30 2.75
435 2.74
L4O 2.72
hhs 2.70 -2.20
450 2.68 -2.18
k55 2.66
450 2.64
LAS 2.62
k70 2.61 -2.10
N75 2,60
480 2.58
485 2.56
490 2.54
495 2.52
500 2,50
595 2,48
510 2.46 -2.00
515 2.4k
520 2.42
525 2.h1
539 R Te] -1.92
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PABLE XIX SOLID H2 MELTING TEST DATA (RUN NO. = 13 --- OUTLET FROM
CONTROL VOLUME) (CONT) ‘

Px 14,7 PSIA, FLOW TOTALIZER= 144553, CYCLESs  ¥0Dz 2040 HZ/OIV, FaVE 7,96 HZ/CFM
TINE  OF EMFE TENF FO  vor < PHO zuot EMFH  TEMH H Zun
(SEC) (OIV) (MIL.V) (DEGeR)  (MZ) (CFM)  (===) {(LOB/FT3) (LB/KN) (MIL.V) (DEG.R) (BTU/LB) (BTU/MN)

0 0.0 0.0 49200 Bs  Ce0 009991 0400563 0.0 €02 492.6 163048  0e0

S TS 0.0 _ 492.0 150. 18488 049991 0400563 041059  =0,12 $88.2 (61344 170,88
0 T3.7  odv 49200 274 34442 049991 0400563 041935  =0045 4779  1573.9 304e49
15 1361 0.0 49240 262+ 32491 049991 0400563 041850  =0s72 469¢6 15435 285,53
(20 13,5 0.0 492,0 270. 33492 049991 0400563  0.1906  =Ce94  462.8  1520,2 289,82
25 124t 0.0 49240 2624 30440 0,999* 0400563 041709  =1.08 458¢5 150640 257.33
30 1202 0.0 49240 244, 30065 0.9991 0,00563 041723  =1.20 458,8  1494,1 257,41
35 20,3 6.0 45240 4064 51400 009991 0400563 042867 =132 451,41 148244 424495
40 23,6  C.0 492.0 6472, 59430 049991 0400563 043333  ~1.38 449.2  1476.5 492,08
45 25,7 =040  491.7  Sl4. 64,57 049991 000563 043632  ~1.e4  447,3  1470.7 534410

50 28.6 «0.02 491.4 §32. 66483 049991 0.00563 043761 -1455 443.8 14599 S49.11
88 2649 «0.03 49140 838s 67459 0.999%F 0400564 043806 -1s62 44146 1433.,0 553.02
80 27.1 =Ce 04 49007 5420 68.09 009991 0.00564 043837 =170 4390 1445.0 554440
65 2641 =0.05 49044 522, 65458 049991 0.00564 003697 =175 437.3 1439.9 532.41
70 2446 =Ce06 49%.1 492¢ 61481 0.9991 0.005065 0e3487 =1.80 43547 143448 50043

75 23.8 ~0.07 4898 476, 55480 049991 0400565 043376 =1.85 434,0 1429.5 482,60
80 22.8 =0+08 4895 450¢ 56453 069991 04005065 03194 =1+95 430,7 141847 453409
85 2240 =Ce 09 48942 440¢ 5523 009991 0400566 043125 ~1.98 429.7 14154 642426
90 19.3 ~0.10 488.3 386e 48449 049991 0400566 0e7743 =2400 42940 14132 3dT.62
95 18.3 ~0e10 4688.8 3660 45,98 0a9991 0.400%66 0426018 =2400 42940 141362 367454

100 17.4 =010 488.8 348e 43472 049991 0.00566 0e2473 =2.00 4290 141342 349,406
108 16.2 =0.10 48848 3240 40470 049991 0,00566 0e2302 =200 42900 14332 325425
110 15,5 «0610 4485 310+ 38694 009991 0400566 0e2203 =2+00 429.0 161342 311430
115 16.3 ~0.10 488.3 3266 40495 09991 0400560 0.2317 =2.00 429.0 1413.2 327.37
120 16.1 -0.10 488.8 322 40645 Qe999t C.00560 02280 =2.0C 42940 1613e2 323435

125 1649 -0e12 48842 338s 42446 049991 0.00567 02405 =2s02 428:3 1410.,9 339.0
130 135.3 -Oels 48740 310s 38494 049991 0.00568 0.2208 =%.04 42¢at 1408¢7 311409
135 16,0 -0.15 487+ 32Ce 4Ce20 S0 9991 0400568 02281 =2406 427.0 140664 320,81
10 157 -0.16 487.0 J14s 36445 0.999t 0400568 042240 =2.08 42643 1408,0 J14.43
145 15.8 =-0.18 4864 316s  JI9e7C 049990 04005069 042257 -l C 42546 14Cle7 6636

150 16.0 =0.20 4857 320e 40420 Ce 9992 0.00570 0.2288 =212 42449 139944 J20424
158 1600 ~0e20 4857 320e 40427 0490990 0,00570 Je2288 —-Zs 14 4243 13974C 319470
160 15.2 =020 48547 2064 38419 009990 0.00570 042174 =2e16 42340 1394.6 303419
165 15.0 =0.20 4857 3IC0s 3759 009990 0.00570 Oe2145 -2.18 42249 139242 298068
170 1540 =020 4857 3GCe 37457 049990 0400570 042165 =2420 42242 138947 298415

175 1444 -0.20 485417 288+ 3€418 049990 0.,00570 02060 =222 42146 13873 235.72
180 14,5 «0420 48507 290« 36043 049990 0400570 Q2074 =2424 %2049 138448 287419
185 1644 =0.20 43%.17 288+ 36418 049990 0400570 042060 ~2:25 42045 1383¢5 286495
190 ta.t =0.20 4857 282+ 3%.43 049990 0.00570 042017 ~2427 419.9 1381.0 278,51

19% 14,2 -0+22 48%,.t 284, J35.60 0.,9990 0.00573 042034 “2429 41942 1378.5 280+33
200 4.4 -0e23 45445 288« 32419 Ce9990 0.0057) 042065 =% 30 4188 13772 284437
208 14,2 ~0s26 483.3 2840 3568 £49990 0.00572 042019 =2+32 41862 137446 290426
210 1443 -0:28 48342 285+ 35493 Ce9990 C.00573 042050 ~2e33 4178 13733 282433
215 1462 =030 482.6 2A4s  354h3 249990 0.C0517) Ce2048 ~24358 al17.2 13707 280.13
220 1442 =0430 48265 2844 J35.08 C.9990 0.00573 De2C44 237 41645 136841 279,064

57




' TABLE XIX (Cont)

228 13,8 =0030 48246  276. 34,67 0.9990 0.00573 01986  =2:39 415.8 1365.4 2T1.26
230 13e8  =0e30 4826 276e 34e67 049990 0000573 041986  =2040 415¢5  1364e1 270097
235 13,8 =030 __ 482.6 __ 276s_ 3467 0.9990 0.00573 041986  =2.41 41Sel 1362¢8 270.T8
240 13,5 «0430 48206 270e 33492 049990 0400573 041943  =2442 41448 1361eh 264056
245 1341 =0435 48140 262+ .32491 009989 0.00575 041822 =244 4141 135807 257,03
280 12,87 «Jed0 4735 T 250. 31e41 0.9989 0400577 0.1811 “2.45  413.8 13573 245,60
255 1341 =040  479e5  262¢ 32491 009989 0400577 041898  =2446 413.5 13550 25734
280 1342 __=0,40___ 479e5__ 26ke  33e17 049989 000577 0s1912  =-2.48 412.8  1353.2 25878
268 13,1 =0+40 479:5 262+ 32491 049989 0.00577 041898 =249 41245 135149 256456
270 1249 <0440 47945 258¢ 32441 009989 0.00577 01869  =2.50 4121 135045 252439

278 12.9  ~0e43 AT8+5 2584 32.41 0409989 0400578 0,1872 «2,53 4181 134643 252:09
280 1302 <0446 47766  264e 33411 009989 0.00579 041920 ~2.55 410.5 1346345 257.9%
285 126 ~0446 47746 252+ 31466 09989 000579 041832 =2.58 409.S 1339.2 _248.41

200 123 <0446 4776 246e 30490 049989 0400579 041789 -2060 408.8 13364 239,05
295 1241 «0446 477¢6  262¢ 30440 009989 0400579 01760 =2.61 40845 133449 234492

300 12.0 =0+46 AT7e6  240s 3Cei5 009989 0400579 041745 2062 40862 13335 330r2C
305 12.2 =048 4770 Q4he 30465 009989 0400580 01777 =266 40649 13277 235.88
310 __13.5__ =0,50 47608 __270s 33492 049969 0.00581 001968 =270 40346 _ 13219 260,20
315 1345 =052 47547  270e 33492 0.9988 0400582 041971 “2:72 40649 131849 ~259.96
320 13.4 =0455 4T4e8  268s 33467 049988 0400583 01960 ~2e74  404e3 135640 257495

328 1245 =056 4T4+5  250s 3ls41 009988 0000583 061830 =Z0Té T 403.6 T 13130 Z40e2h
330 14e2 =0.57 4T4e2  284s 35468 009988 0000584 042080 =2,78  403.0 131000 272447
335 143 =058 473.9_ 286. 3%.93 0.9988 0.00584 042096 =280 40243 13071 273,94

3400 14,3 T=0.60 AT3.3 2086s 35.93 0.9988 0+00585 062099 ~2090 39942 12919 271012
345 13,7 ~0463 47263  2Tée 34442 049988 0400586 042014 «2.93  398,2 12874 259,33

350 14.2 =0465 AT1e7  28&e 35.68 0s9988 ~ 0400587 0420971 =296 T39733 ‘f2e248 2687787 °°
355 14e& =0.068 47048 288+ 36e¢13 0.9988 0400588 042124 «3,00 39640 127666 271418
360 14,8  =0.10 47002 2964 3Te19 049987 0400589 042186 ~2:02 _ 395,64 (2735 270,39

365 1540 =0.72 469:6  300s 37¢69 09987 0400589 042218 ~3,067 394.7 12704 281,83
370 13.8 =0.75 46807 276¢ 34467 009987 0400591 042045 =396 392 12673 259416

. 378 13,64 =0.77 468+0 268 33467 09987 000591 dJe1388 SX008 TS T T TIBA LTINS T
380 14,0 =0.80 4671  280s 15.18 049987 0400592 02081 =320 389.7 124543 259,19
385 1441 -0.82 46605 282+ 35443 0,9987 0400593 042099 =3.23  388.7 124043 260438
390 18,5 ~0.86 46549 290s 36443 09987 0400594 002161 ~3.26  387.7 123547 267,08
395 1342 =0e86 46503  264e¢ 33417 069987 0.00595 041970 =2,30 38644 122943 242419

400 13¢4 =0+88 G6&eT  268e 33467770,9586 0300596 042008 T "=3e34 TIBS 1 T {22FTH ARG T
405 1249 =0,90 46441  258e 32441 0099686 0.00506 041930 «3:37 3841 12181 235413
10 13,3 =0.93 48311 266+ 33.42 0.9986 0400598 041994 =340 383,1 1213¢1 241,91

815 13,5 T =0.95 %6245  270s 33492 049986 0400598 042027 -%40 383.1 121361 265.87
420 1448 -0497 461¢9 2960 37419 0,9986 0400509 0.2225 ~2,40 383,1 12131 269490

42% 15¢8 =100 36160 316" TIGeT0 T0.9986 0400606 T 042380 «3.40 TT363.T CT2f¥ifT 2HEVTT
430 17,2 ~3.02 4600% T . 1422 009986 0,00601 0:2594 “3,40 3830t 12831 314,78
43% 1842 =-1.05 459,85 3, %471 009986 0.00602 042751 ~340 363.1 12131 333467
TR0 APST TIOR8 TTTTEEBLS T a1, TAHWET 049985 04006046  0.2680 =340 3831 121341 335,15
445 1840 =1.10 45769  wu0e 45423 009985 0400604 042729 =3s41 38248 12115 330,65

%50 IS8 T 113 L5Fe0 276 S&T877 049985 0000606 042097 <3427 3Z2.4 1209.87 253366~
455 Teh ~3e18 45604 148¢ 18459 049985 0400606 Oell26 =Je43 38241 1208+2 136,02

460 040 vt 7 455,8  0s 00 049985 0400607 00 ~3.44 381.7 120645 0.0
%65 O ST 55478 0e 020 009985 0400608 040 ~3.45 38144 120449° e 0
470 5. .22 45642 110+ 13482 0.9985 0400609 040841 ~346 38142 120343 101.16
a5 T $e26 TTUESIVET 947 11481 T0,9985 0.00610 040719 =347 3B0.7 T 12006 8BRAE T

480 3.8 =126 4534G 76¢ 9455 049984 0400611 00582 -3.48° 3803 T 119979  69.89
463 208 =1e28 4323 48, 6403 0+9984 00006812 00368 -3049 360.0 1196.,3 LLTS )
490 204 ~1+30 451.7 &8¢ 6e03 09984 0400613 040369 =3e50 3796 119646 4bhet b
495 3.2 =134 45045 640  Be04 009984 0400614 040493 -3,50 379.6 119646 59401

500 b4eb =137 4495 92s 1156 049984 0400616 040710 =J¢49 38040 119843 85413
505 4.9 ~1e+40 44806 98¢ 12431 0649984 04006t7 040758 =J+48 38043 11999 9100
510 B2 =3ed} 4470 104 13407 049983 0400618 0.0806 ~Je47 368047 1291.6 e 90
515 Sel =1046 440607 102+ 1281 ©€49983 0400620 040793 =Je bt 381.1 120343 95 37
520 40 =150 445,48 80e 10405 009983 0.00621 Ne0623 =245 301 o4 120449 7511

525 3.3 =155 463.8 66, 8429 049983 0.00624 00516 =3.45 3814 120649 62419

830 0.0 ~ieb0 4422 Oe 060 049982 0400626 040 «3.55  377.8 118843 0ed
TOTAL NOe OF CYCLES (INTEGRATED) = 1456384625 CYCLES, TOTAL WMASS (INTEGRATED) & 14746 LBS
TOTAL NOes OF CYCLES (MEASURED ) a 1445534000 CYCLES, TOTAL ENTHALPY ( INTEGRATEOQ) 223664343 BTU
AVERAGE ENTHALPY OF FLOW = 135£.135 BTU/LE
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TABLE XX SOLID H. MELTING TEST DATA

2
(RUN., NO. = 14 INLET TO CONTROL VOLUME)
TIME |FREQUENCY FMEF EMFH EMF23 THE QUECY] RMFF EMFH MFD3
(sec) | (Ha) (MILV) ] (MILV) | (MIL.V) (sec) | (12) (MIL.V) | (MIL.V) | (MIL.V)
0 6.9 -6.4 200 3.45 -2.70
5 6.2 -6.0 205
10 5.5 -5.7 210
15 5.1 215
20 4.8 -5.6 220 3.35 -2.40
25 h,7 ‘225
30 k.3 .5 230
35 235
Lo 4,15 -5.3 2ho 3.25 -2.20
Ls aks
50 4,35 -5.3 250
55 255
60 4,25 -5,0 260 3.20 -1.95
65 265
70 b7 270
75 a15
80 %.10 k.6 280 3.10 -1.75
85 285
90 -4 ks 290
95 295
100 3.95 kLo 300 o.on -1.77
10¢ 325
110 310 3.00 -1.70
115 315
120 3.85 -4.,10 320
125
130
w37
140 3.70 -3.75
145
150
155
150 3.60 -3.40
165
170
s
180 3.50 -3.00
185
190
195
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| Reproduced from
| best available copy.

i TABLE XX SOLID H2 MELTING TEST DATA (RUN NO. = 1l --~ OUTLET FROM
1 CONTROL VOLUME) (CONT)

i Pu 14,7 8514, FLOX TOYALIZER® 173822+ CYCQLESS FuDe 20,0 HZ/DIVs Fuvas 7490 ne/CFM
. T{¥E  OF ErFF TEVF FQ Vol [ RHO 2701 EvVFN TEn n Zn
7 ) (SEC) (DIv) (~IL.V) (DFG.RY (%2} (CF”) (===) (LB/FT3) (LB/YN  (VILeV) (DEG.RD (BTUW/LY) (8TU/M4N)
. ‘
E: 0 Gu  =0Q.05 4904% 0. 2677 N¢9991 3.00564 VeuIL0 .03 L9249 163240 Ve U
é 5 @b  =0.05 4900 90 11430 0.9991 000564 Ce0637 0,02 43240 1630e5 103490
X 10 6e7 =005 49004 136, 16483 0,9991 Q.00564 Qe 0949 =0e15 48742 1609¢0 152479
15 13,5 «0.05 49040 2706 33491 049991 0400564 0.1912 =Deb3 61544 1564.6 <¢YYel4
) 20 20,0 =0.05 49044 400s 57425 09991 0.0n566 Ce2t33 -0.92 46344 192243 6431e3¢
z 25 2344 =0.05 49044 469, 58479 Ce999)1 JeDN566 043316 =1.03 LbUL 19110 5UJe91L
30 25.0 =0.05 4904 6C0e £2491 0,9991 2.00500 0e3561 ~leld 45640 1500.u0 531626
A 33 2345  =0.05 490,4 470¢ 59406 0.9991 Q.nn560 03329 =1l.17 45567 l4¥7el  495ebu
% «0 3041 =406 49046 6024 15462 249991 0400554 Qou 206 “lecv LELTY - laveol 6374012
3 4% 3149 ~0,05 49040 6384 B0.15 049991 DeDC564 Je4519 -1.32 45140 1482e4 669491
5 50 3440 ~0.05 49046 6804 65,62 N9991 0.00566 Cow8lé =lo45 44740 160967 707492
N 55 3le1 =0.40% 49044 622 78414 049991 0400566 Cest05 “le52 b, ? 146249 64bGed2
1 60 30,5 =0.05 490,44 ClGs 76463 049991 GaN0566 0.0320 “l463 hbded 1655.0 62808
E 68 30,2 =006 69041 6%, 75,87 10,9991 N.0"566 0s4281 1,65 “404 5 145040 620477
é 70 30.2 =~0.n8 4894 bUke 7597  T49990 De02565 Ueb206 =170 438.9 Lewbeu  blyedu
# 15 2640 =0.10 689.8 620¢ 65432 0.999C 0,00566 Ce3695 =1.7% 43,3 143949 232400
' 40 31s2 =0.ll 48845 626e 78439 049990 0409566 [T =-1.80 435406 143447 030edY
2 45 3248 =0.12 ©88.2 656¢ 82461 049990 0.00%566 Cetb6? =le89 43600 14295 b0Te21
e 90 3246 ~0.13 487+9 652¢ €1490 C49990 0400567 04661 =190 43243 162462 6OLLlevY
g 98 32.7 =0.l6 “8745 656¢ B2416 049990 0400567 Deb659 “la%3 w3l Lacue9 6b6Levs
g 100 34,1 =0.15 “87.2 682s ©5.67 049990 0.00567 Q44861 ~le9s LT Y 141047 689415
. 1n% 33,2 =0.16 48649 666e 83445 049990 0400508 Gs01736 =2.00 62940 Ial3e2 069e8Y
‘ 117 33,4 =0,17 48646 660s €291 049990 (07568 1,6710 =2.05 4273 140745 663406
P 118 21,2 =0.18 49643 636 79489 049990 0400569 Q06562 =207 wlbeb lavhel L3Bes¢
: 120 32,0 =3.19 49641 bLDe  BLN yR99° N ,QN56F 244573 =2.C8 4Zbel leub el GO2ect
) 125 33,3 =0.,20 485,7 666¢ 83466 00,0790 G.00569 CebT62 =209 4259 14U2e9 663617
% 130 3662 =0422 89,0 7264 90495 009990 0400570 0.5184 «2410 42546 Leul el 726409
b 135 3548 «0425 484,1 716¢ 89494 049990 0400571 N.5130 =2+15 42349 1395e8 1106499
9 140 36eh  =0,27 483,5% 692+ 86493 ND,9989 0.00572 (6970 =2edV 6iled 1369¢7 690403
9 145 39,6 =0.20 8245 7926 Y9469 049989 2400573 LeBT00 “2423 42led 130660 790400
180 3643 =0,33 42148 7260 91422 Ce9989 (20576 0e5235 =24¢2 Leued 1303e0 Tibe3ss

155 3%.7 =0437 48044 Tlhs %9465 0,854 2,00576 0.5161 =228 wl9ed 13197 122643
160 35,7 =0.49 «19,.6 Tles £9.69 "4 . 77 Ce5171 =2430 4loes 137172 712420
165 360 =063 «13.% 722+ 90445 Myoune AR veH225 ~243V tloes 13772 7119400
170 35,3 =D.4b 61746 Thbe ERWEFG T sm= Yy 475 245133 =243 “loed 137762 107400

175 3%.2 =0.52 e75.7 7040 E£Bebb Ny GFHR JeGCHBL ve51239 =2435 41741 13706l T04e42
180 37.5  ~0497 LYY 7506 94422 04988 0.00583 Jen692 =2440 4lbets 130kel  Tuvech
185 35,5 =0,%3 67243 710 59.19 0.9987 Q005085 045219 “colel 41542 130¢e7 Tlleas
190 3344 =0469 47045 6680 22491 L4997 uu0r5E8s Get930 2ol bléen 130le6 078420
195 3242 =0.75 «6846 bbby ECeSD  NuusY A en0BY( De6?7] =Jebb 4l3e4 13%6eu  b&TeUC

200 3342 =0.8C 46741 6Ly BIewl  TLQSEE 100602 Se4935 =2+5v wléal 139044 666eDO
208 37.0 0485 46545 7640¢ 92496 04E9H6 Tyl 24918 =290 allel 13u9el  Tubedl
210 3%.6 =0490 “b4,0 120 B9ebL 449736 Tl S¥6 “e9327 =252 “tleb 1367e7 107490
21%  3%.2 =0499% 46146 T7Ge n8sbb  Ca%9"5  LWl0Y»Y IETat =2450 4luel 136ceu  Tivebd
220 13%.0 -1405 5944 700e 87.93 9Q,%%F5 7N, N60? 05289 =246V 400e0 133646 TUbeoD

22%  3%.2 =1.13 45649 T04s BBeGL Ny09585 02645 Q5348 =2460 “0sel 133604 Tluelc¢

230 36 0 =1420 45448 680e 85402 049986 Lo.ub6UB v+51990 n2460  4OBeb 133644 693461
239 361 =140 65147 682¢ 8567 049986 (420612 045240 “2462 40841 1333+5 698,89
240 359 =140 64845 T18s 90420 049983 000616 045555 =246 40745 133066 739429
245 3445 =1450 LLLTYY 690 86468 00,9983 0400621 045376 =2469 40Dl 132323 TLled6

250 3340 =1.60 46242 6600 42491 Co¥9F2 N UN6ZS Ce5180 =2¢7% ’SEYY 13166H bOVWYY
285 314l ~1.68 63946 622 TBeld uyr, Le0n0 29 044910 2473 Gubsd 13804 GUbOYY
260 2540  =1.76 L3649 $00s 62481 S99z, " 4CO63) Ue3STO 2.7V 4ySed 1321 e b24e9V
™S 1842 =1.98 433.0 366e 485072 Le99NT LT b3Y «ed917 ~2.7% “ulev 131D 3blewd
270 1648 =200 42940 3360 w7021 9947 007065 G217 =2480 Ghzed t3vlev 35%e¢¢2

218 1746 =2.05 42743 a5n, sk N,09G el YLy =2ath atley 13v1eu J0YeT0
240 1R,H -2.10 w2544 1606 =Hal. DeIRTE 060 Y4 ¥ =cebb vyl 12veov  SU2ewd
285 1843 =2.13 42446 166, 4857 (WU97¢ 000651 <999 2494 3978 12oben  3bbeir

290 1845 =2416 42345 3.0 <608 Le997¢ L 400653 ”e2.30 =3.3v 3944 12620 382eu0
298 1746 =~2,20 “2242 Jufe 63,71 049978 L.L0655 veZus9 =3 2w 3gveb 126563 3564lv

300 1948 =247 42048 3164 29469 T.997F (oy 457 veldbua 3.0 38bek 1229¢3  3¢Jdece
1% 8.9 =232 sle,] 1T8e €236 ~o9078 el TL1676 =3ebU 3831 121ael 1lvels

310 040D =2,40 L18,4 Co WV 9927 o« hby tvved =35y 31946 117046 Vely
TATAL 0. NF CYCLES (INTEGRATED) = 177%449,406 CYCLES TOTAL “ASS (INTEOURATED) = deddu LY
TCTAL 0+ NF CYCLES IYEASURED ) a 121682¢2,03] CYCLES TOTAL ENTHALPYUINTEGRATED) 2299574257 BlU
AVERAGFE EYTRALOY OF FLla . 384,308 BIu/LY
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TASLE XXI SOLID !{2 MELTING TEST DATA

! (RUN. NO. = 15 INIET TO CONTROL VOLUME)

f TIME FREQENCY EMFF EMFH EMF23 TIME [FREQUECY R 8 BN BFa3
(sec) | (M2) | (MIL.V) | (MIL.V) | (MIL.V) (sec) | (82) | (ML) | (Min.y) | (aIn.v)
0 1.020 200 8.95 -4, 3
5 205
. 10 210 1.908
| 15 1,032 215
i 20 220
j 25 ' 225 L.OEs
. 30 1.140 240
; 35 235
; Lo 240 2.04"
i 45 1.290 2hs
50 250 8.22 -3.52
55 255 2.118
60 1.440 260
: 65 265
, 70 270 2.2
75 1.530 275
80 280
85 285 2.510
90 1.620 290
Y. 295
100 300 2,338 7.53 -3.29
105 1.692 305
110 310
115 315 2.h36
120 1.752 320
125 325
130 330 2.478
135 1.746 335
140 340
145 345 2,51k
150 1.740 350 6.92 -7.80
155 355
160 360 2,526
1565 1.7h0 365
170 370
175 375 2.532
180 1.788 380
185 385
190 390 2.520
19 .
2 1.836 395 ]
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PABLE XXI (tont.)

TIME FREQIENCY EMFF EMFH EMF23 TIME FREQENCY EMFF EMFH EMF23
(sEC) | (H2) (41n.v) | (o) | qIn.v) |l (sec) | (H2) | (MIL.V) | (MIL.V) | (MIL.V)

k00 6.35 -2.40
h05 2.532
410
b1s5
420

425
430
435 2.508
40
hks

450 2,490 5.83 -2.20
k55
460
465 2.h2h
470

475
480 2.292
185
490
495 2.184

500 5.40 -1.80
505
510 2.118
515 2.082
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R>EICEALL

! TABLE XXI SOLID H2 MELTING TEST DATA (RUN NO, = 15 --- OUTLET FROM

. CONTROL VOLUME) (CONT) \

Y i :

A : . ———m -

§ Pe 447 OS1Ay FLOW TOTALJI2ER® 1560456 CYCLES FQD= 2040 WHZ/DIV FOQVs  T.96 ni/CF”

1

4 TIVE OF EFF TE“F £q vor < R0 2ot EFH LEARY " 2.

S , (SEC) {DIV) (iLeV}) (DEG.R) {HZ) (CF") (ew=) (LB/FT3)  (LA/%)  (tLeV) (SESGR) (BTU/LE) (BTU/ V)

é ' o] 0e0 Q00 49240 e TeIN 049991 100562 D.00CC 0e05 49345 163445 0.00

& 5 Babe 0409 49240 168 216410 549951 040CH62 041186 Qo5 L4779 157349 lYbedY

3 10 8.8 0,00 49240 176¢ 22611 069991 000562 Cel242 « =0.95 46245 151962 lc¥e79

X 1% 10.2 000 L9240 204s 25462 249991 (00562 Delbtsd “1le04 45947 151040 217450

? 20 13.0 0400 49240 2606 32466 009991 Co00562 041835 1,14 45646 150040 275430

é ' 25 1%.0 04003 L9240 308s 38669 049991 0.ND562 0e2174 =-1.2% 45445 169361 326072

5 30 2040 000 49247 LO0s 59425 049991 N0N56C Qe2824 =1428 45243 la8b6e3 419477

i 35 210 0400 49240 420¢ 52476 Ce9991 Q00562 042965 =le34 45004 168064 439403

3 40 1842 =005 4904 F6bs 45072 Ce9991 N.OD564 002578 L3 Y3 (Y3 T} 147446 3350620

5 48 16e5 =005 49064 330s 41645 049991 "cqp56b Ce2337 =lel? Libed [auTel 3643409

3

E 50 15%.5 «0e0% 49040 310e 38494 (69991 0.07584 062195 =1sb6 Libel 166069 320679

z 55 1646 =005  490e4 328 41420 0,9991 C 00564 02,2323 =l.61  644lel 145640 337081

% 60 1646 =005 %9044 3324 41470 062991 0400564 042351 =1.68 43946 146740 540429
55 1840 «0s0% 4900 360, 45422 049991 “.N0564 V02549 leTv 43869 144940 3boell
70 1842 =005 49044 3b6be 45,72 049991 00564 52578 =172 [¥1-T¥] 1Lt3ev  3T2e05
7% 1841 =040% 49040 362 45647 049971 0400560 02564 =1476 L3649 143849 368695
AD 1746 =0e05 49046  34B¢ 43,71 049991 0000566 042064  =1.80 43be6 1437 353e0u
85 16l «0e0% 49046 3220 L0405 069991 0.00564 0.2289 -le83 L344b 143)en 326403

90 1648 «0405 49044 336e 42421 Ne9991 0eDN564 142379 =1.85 43440 14c%ed  J40eck
9% 1745 =0.05 49040 350s 43496 49991 NeC0566 042479 =let? 43543 16gTet 35360l

100 18.0 =0,10 48869 360s 45.22 19990 Ce0N566 0e2558 =199 L3263 laghel 364632
108 1745 =0.10 48809 350, 43496 0e9990 (1400566 0e2487 =1,91 432ev 14231 353493
110 17.8 =0s18 48742 3560 44eT2 Co9990 Ce00567 062537 =1.5¢ 43140 6e2e0  36Ves1
115 1645 =0e15 “8742 330s L1e45 04999N r.00567 Ce2352 =1.93 43103 142Uy 33bedo
120 1%.9 =0.15 48742 3184 39,94 049990 0.00567 042266 1,95 %3060 14ibel  s¢ledl

125 1745 =0s15 4872 3504 43,96 C9990 0.00567 Coedt9b =1.98 42940 1439e 353415
130 17.1 =0015 “8742 3420 42096 049990 0400567 02637 =2.02 42843 14lUe¥  3b3eY0
138 1647 =0e1% 48742 336y 4195 049990 0,00567 042380 ~2403 42749 L699e8 355600
140 1742 =019 48742 34be 43421 009990 N.00567 062452 =2.00 LeTeb 140846 36540
145 1745 =041% 48742 3500 434986 209990 (DN567 Vo494 =240% Lol lav e 351l

& 150 178 =041% “87,2 3560 46472 049990 2,00567 042537 =246 62649 169643 356090
(L 158 1742 =0.1% “87c2 366s 43421 DS990 0400567 02652 “241¢ Wl4eY 13y9e3 3bdelo
160 1640 ~0.1% 48742 3200 40420 Qe999™ D.0N567 Cel281 “2.17 42362 139346 317403

168 167 =041 68742 334s L1095 049997 N.Q0567 2380 =2¢lo 62249 137241 33101

‘ 170 17.1  =0417 48645 J624 62496 N 959C N0OHGRE Qe2ht} =2419 42440 L390e9 339454

178 17.8 «0018 408643 3564 44eT2 Ce9997 0400569 0425642 -2.1Y 42245 159049 33607
180 18.0 ~0.18 48643 360e 45422 049990 240N569 042571 =240 42242 13597 357433
185 12,9 =020 4857 378s 47048 049990 1400569 02793 =2443 42142 lisbey 3T4eb]
190 19,3 «0.20 85,7 386 4RLT 049990 0,00569 N62760 =2426 4252 13826l 3Yled17
199 18.0 =0420 68547 3600 45422 049990 YDO0569 Ge2574 =228 alYed 131ve7 35421

200 1745 =0.29 85,7 3504 63496 0,9990 0.00%9  0.2502 »2430  GlYep 137068 34be 1l
205 17,0 ~0,20 48547 3400 42471 049990 000569 042631 2433 474t 137543 33349¢
210 1740 =0.20 4857 340s 42471 049990 0.,00569 042431 2439 “l7.1 13701 333424
219 1740 =025 48441 340e 42471 04999C ",0057) Je2639 2437 Ll6ab 13030 333671
220 1744 =030 48243 368s 43471 049929 2400573 0.2506 -2438 Lléel [ELTTY TP Y F)

225 17.2 =0.30 68245 3abe 43421 09589 0400573 242615 “2¢39  Wldee 136944 33b4006
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P gzgwq

FRARE

TABLE XX} {Cont)

230 lher =037 “vZad 2306 w2ewd o . 72 Y AT waves avutre  S3eewn
215 18.% =0.3¢ Y- ¥ 2% 372¢ wTee= Je ¥t o 872 vell2J - ekl wlkee 13vvev dTuavi
260 13.% =3435 43i," 3ETe LTTE ",09=6 Y 4] e2743 =205 widese edvver SVcev?
245 18.° 0640 479k 3766 & 623 D.%9°F Jel %77 “ec723 w24l Liged 1355ec 303001,
250 1744 «0¢20 «79¢8 3524 “%e22 5e9G2%  "e3"277 Seeowy -ce Ve wlced 137000 Snikeedw
255 13¢5  =0e0% 27944 2e Lbebd  ~e993Y e UP7T Le26%) =ieb3  Llied 134043 360e0v

260 1942 =040 «794% IBLy Be26 C,99B9 0402977 0.2751 =ZedD Lluet 136345 375070
269 1940 w0463 4790 3806 67073 2,5¥85 £.0C577 Ce2752 =2¢5% 4091 1337.8 308.24
270 19,1 “0eb3 78,5 382, 67,98 049988 0400578 0,2772 2463 4078 1332.0 369431

279 19.7 =046 w176 3G6e 6949 DGYME  CWNLETY De2ubd ~2.63 LAY Y L332ev  33levb

280 1M.6  ~04bM 47549 3 LbeT73  H4997%  4C500 veldlud -debl LJTe> 133000 Soueby
2R% 18,0 =09 674,71 e W4Be22 "e9999  N0NABNG 42626 =261  bybed 13¢bec 348000
290 17.7 =0.53 a7540 LhobT 049538 To0.582 Sedved 2.7 “yded 13¢ie0  dnleds
29% 1743 =059 47640 Jhn.  L3eub Cev98E  9.00582 V2930 =2+12 wJued 131009 233071
3100 17,0 =0,57 47642 36Ny 62471 D,09%8 7 1523 o Zory =2eT3  Lude 134602 3¢Te012
308 1743 =080 7342 34be LFebo  "e95EE TenOub 2924 =2.11 L1303 13186 232691

310 1549 ~0462 47246 3380 42446 0499R7 (D055 Ce20b3 “2ety Loged 13570 32&ed2
315 1647 =046 47240 b, L1495 049327 7.0N58S Telbbl? “2s08 Lute? adulen  dlueve
320 1849  =0466 “Tle0 338, 42466 049987 09587 SelaM9 “2e2 Gyye? 1297eD 33492

325 17.& «0.638 47049 3526 L6s22 T49927 0470507 tedh =2etc 3yved 1ey%ey  330eci
330 173 =079 4701 366 G3ebb  NFFET 000568 egHdS =2¢9¢ ENETE LluCed 3270V
335 1649 «04?3 46942 338, L2446 009987 0.00%09 Ue29ul “leyvo 3960 1219e1  3cuev0
360 1742 =0.7% YL Y 44e 43421 049987 0400590 Qo258 =306 39447 12TVes 3234V
365 1869 =0.79 46747 3384 42446 Ne9937 DNO59L 042509 =316 3915 1206e8  31Ge0>

350 1841 =040 467,10 3624 65467 N,99%%  NLONEF2 Ne2650 =3+¢> FEE T 123163 33090
385 2048 =0.93 LY-1.YY4 Li6s 52420 L9996 27592 De 3298 «3e31 Jovel 12¢Tel  Suvesy
360 2049 «0.27 66449 4184 52451 049986 7402595 Te3dl2l =338 38301 Letbes 319007
36% 2005 =0.9¢C Lbbon 4100 51450 N,09986 ~.00596 Lo 3067 “3e39 33304 1214e7  5T2e06
370 19 «0.93 46341 372, 46473 049986 L0597 Le27u8 EETEN) 33l 12idel 2200318
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¥
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3
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373 17,8 «0.97 46149 3564 wbeT2 D.9586 400599 N 2670 =Seke, szsed 1283el  2cbenl
180 17,° -14n0 «6le0 3566 LGeT2  De9985 N6 Telbhl =3ebu dusel 1282el  2coeed
In%  18.1 «1403 486040 362+ 45067 (09905 N,00601 V42721 =3eld> 38Le 12940 249412
390 18.0 =1.07 458,08 360e 45022 L4$995 0407623 "a2723 =3.50 3196 11900 325650
39% 17.7 =1.10 57,9 5L, LLebT  C46985  Q.00604 Jelbud ~4eb2 3Tue? 11v3e3 3¢uect

400 17,6 =115 45647 348, 43471 049985 £.07606 ce2b617 =30 3Tued ilvvev 2lneve
408 173 «11? “5947 366 S3a0b 049996 100607 2edb35 =323 315617 $laded 31lLleby
410 172 1,20 45448 344 43021 009984 0400608 Je2625 =346¢ EX-T¥4 11706 20GeYe
41% 17.0 -1.23 ©93,9 3600 L2671 049936 LW0N6LC 252609 =3.03 3T4en 111968 3udedo
420 1744 -1,27 45245 348 63¢71 046984 2400611 Te2668 =364 37604 11735 alsstle

2% 1944 =130 51,7 388, 68.TL 0,9936 ",NN612 ezl =346% 37w sdllee  34Gebl
430 14,43 «1.33 45047 284, 25492 20,9983 “.u%6l3d vel2de «3.60 EY I Jdlvec <270
L8 bak 127 LhG 8 132, 1445P 049983 0.00615 041019 “3467 ERETY tlooeb  lizesl
Lu? 2,~ ~lenld L68,% 764 9454 049983 2.00616 SelhBp =368 371249 Jlooed [1-21-T4
(X3 ) et =l LlB b 2. 9¢04 049983 0400616 0aun57? =3e7Y 36l 1leved buadu

ak3 Lo’ =" Lty ar, %" ~e9%83 e lal-31 ) o6l =3.9¢ 36340 113566 Tvele
(X}] Aol —lald LL9,8 1626 Ile17 049993 049616 341299 =3e%% 30262 1leved  fuoecd
450 1045 =1403 67,6 120 25439 0,9933 Q.0C518 Qo628 =380 367 1147y lovess
668 1040 =1448 447, 22%. 2540 ’ 49983 0407619 Celb53 3.8 3650 1140e> 17701¢
470 90  =1leu8 44600 180e 22461 749983 407629 Celbl) =394 36446 113544 1dce1y

478 8.3 =1.%0 “h5et 1660 20495 249983 J.00621 201293 ~3.57 36uet 11¢4ed  LudDatbs
490 6e2 =148%3 Y 1266 15457 009982 0400622 040968 =4435 35646 11i5e2 10709y
485 Se6 =1455 Lb3en 1126 14407 049982 0400623 040875 4402 3504C 111844 9790

699 S5e6  =1459 «h248 1120 16elT  $o$992 Us02026 ceu817 =bouy 397w 1icgwel v8ed1

493 $e3 =160 L6242 1060 13431 746982 £,07625 £40834% ~Gedy EIT YT 1wyTey yiedw

bl Sel “ie80 6242 1720 12481 149982 o625 ve 8.3 =Geby EERTE tuvben B FYVF3

579 Lot =141 LT3 L 9&¢ 12488 5992 L0006 o374 ~hely 3ivel lugtes Gaero

s1n 3.0 =152 Liles 76 9454 549982 (0N625 697 =louw 35uet fuvwted Ve re

513 Je° =163 L6l e Sen 249982 ~el 627 . . by, 34 en luo0s0 vewv
TOTAL Qs 0OF CYZLES (INTEGRATEN! = 150159.(~C CYCLLES TOTAL VASS (1 TeURATED) = leoyd Lod
TOTAL “2¢ OF CYSLES (VEASUIED ) » 1560454331 CVCLESY TOTAL B T=AuPY{] ToonATED) 8% 2be22r 5 o
AVERAGE ENTHALOY ~F FL 2. . 1332472 alu/Ln
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: TABLE XXII SOLID H2 MELTING TEST DATA (RUN NO., = 16 --- INLET TO CONTROL VOLUME)
v
i e 20,7 1A, FL N TRTALL2E e 1356N, CYCLESe Faue el WLV Fuve lLVel HL/CFMm
3 T{F  nf e cEF en VoY < L0 2.y [ Te n Lan Lires Teves
% (REC)H (V) M IleY) (~FGe7) (=2)  (Cr) (woe)  (LH/FTI) (Lo/ W) (- 1leV) (2LGe) (ElJ/Lo) (2TU/ ) lleV) Hutuend
: 0 2a0 843 63343 17 TelE 1eCG2) Le ¥ 2eio 0T be92  obled  l2eley  levy  =ueldd  elvel
3 5 840 845Y  AkBeP 2%, 0020 leN0l0 agduBET  Je0)l? Se¥3  Bbsed €23¢ed eV =LelV  cloev
9 Sel Se%h Ahhe" 2%, 1021 lef™M9  led NES  tiedll SeTe,  bYSey ¢e2 eV “olz  *2aYL  (Oceb
& 1% 172 %427 4742 Sle  Mek?  1eNU1A Nen0RTN Ul Sebd  bb3e7 221005 Bedl  =DedY wovel
w12, 501 436,94 60 e840 1eMNT Ty o) iub SebC 6923 Cdalov Yoz «Jebv edlel
7% 171 L) ‘y0e7 ACe D097 lefUlA e NUB uedubké Debu  £4Yeb IZerey 006 =DesbL  ddJeb
A lhe Lol LY L ] TCe 0od4  1eCuld 1000893 Jeuth2 Sea? 64uel 22y el lleva -%el2 diew
W 29, hot? 42102 111, Ne'l?  le™Jle "yl ey Hedi HhdeY elidet NTEY L T3] ET4TL)
W 2%.9 LTS L) “17a¥ 117 0637 1e0114 "ot %0) PEALYS Ve dd Ch2et elscel liese “batd 23490
8 98,0 be?) hlhe” 129 1™ 147713 00" "yl “ez 9e3. blwed «lBley  cvel:s wseny %V
Ll L P Letn 41149 12%. 1eM  le0N13  ~eNNQ1) e2D9Y 5125 bhler cblvel PAY =4edV 5lec
L LI 1Y Lot 4094 120, 1677 1000812 14091 LT B Sely 64led Zllaed Lieul LYY 2] Stles
A% 2442 3499 £07e7 121, levt 1e0a}2 Yy 42 Seid  04Jel clodel Cveldl  miebw soler
68 7842 1492 4057 131, 1e'9 1601 -en 2942 Sedv 0%/ cloves 203 Y] =32 2luey
hAA A L Yo7 ANbeY 119, ReY 10N - gty 2e e 633e¢ dluces 42002 =Sedv EXA T
75 7962 Y2 A02e9 126, le%6  Jef(1]l  DeC927 JedN¥7 Yelb 63703 eloved Zlele 3o J0les
A0 Jeed Y79 Nle® 1224 1637 1eN71) rauifivd%  addvé Sevd  Gllev 2loked  2veids =339  d0bel!
83 29,9 Soln ACDoM 12%. 1eGh  JeCUL]l  Neutinidy veduy? Ley3 63uet Llhres duedl ~3edv IVbew
M 2044 Ye70 “99e% 192, len? lenI™ 717932 Cedilun lovd L6 J [TRYR) <ol =3eiv 37¢e0
1% 23,0 LY 990k 125, lole  lef0le Joelln93a ' eJit? 409 b33.¢ dlesey &Uedn .3elV sv0ev
177 280 FILIH 594 en 120, e le™3l™  "e*l930 e ' 93 Lonb 03¢el Liddet  *LCoud X T ] wuJdel
128 2442 Yot 5992 171¢  1e% 17 ND “eliTwdY 1o s ik Gern3  b3lec clatel  duec?  =celv  wUDe)
110 éet VoS3 27%e7 1246 Jed! lelUY caalto% veuny? 4oty USveb €l33e3 luels =cebw  eubev
118 2445 o0 4967 1226 Jed2 Lot )y el 'ws o 1% fog 1y reTY celVed cvon (e LYy
120 7847 LIL¥] Y600 1260 led leo .o 4 o ‘viY L] Lol Sl e wedlog cetbV  "iedY wdeY
H .
128 JAe0 366 299¢% 130 leunt 1o WI L e0™Y3Y cevenld Lelu 92lev Cleded  ciend  =celu  4ilev
130 261 b PL Y 593e0 127, Jecm Lo M e “NbY ¢ 22 ot vlvece caolet ciotd “levw “krey
ICTAL * Mo 6 CYCLFS (L TFONT.D) o F482%4e0r « T¥CliYe TL0h ALS R IRCRTN T39S B werd /! Ly
POTRTAL 1Y 0 SYCL-S (FASLACD ) e 13NANG 1 CVCLYSe FITAL « (TmalAY(lalsl il ) & 2le5el Yl

AVE WNHE CxTwsnoy 37 FLY s 218%eu TY/ N
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PABLE XXII SOLID H2 MELTING TEST DATA (RUN NO. = 16 --~ OUTLET FROM
3 CONTROL VOLUME) (CONT) )
; ]
7
A Pz 1447 PSlAs _  FLOW TOTALIZER= 96093s CYCLES, FQD= 2040 HI/7CLV. FOQVz Ts96 H2Z/CFM
{ TINE OF EMFF TEMF Fa veT c RRC ZNODT EMFH TEMH H P4 L]
% (SEC) (O1V) (MIL.V) (DEG.R) (12} (CFw) (w==) (LAZFT3)  (LB/MN)  (MILeV) (DEGR) (BTU/_8) (BTU/MN)
A Q 0.C 040 49242 O €ed Ce 9991 0e0C562 00 =Cel0 48348 151549 040
5 740 0.0 492.0 140¢ 17459 049991 0400563 00989 =030 482606 1591e6 157,33

5 10 11.C 0.9 49202 220¢ 27464 049991 0480560 341553 =Ce50 47668 156841 243.54
? 15 1744 040 4920 3a8s 4372 249991 2005048 0e2457 =100 4610 151401 372404
4 2C 223 040 49200 Lebe 56403 009991 0.00563 0e3149 =1le45 44740 146947 462483
03
i 25 3246 =0s01 49147 652+ B1e91 049991 C€00C563 064607 =1s48 44600 14668 675470
3 30 37.7 -0.02 49t o4 T54¢ 94472 04999 0400563 04533t =1.50 44544 146408 780436
? 35 40.0 =-0e¢93 49340 8C0s 100450 0.9991 0005564 045659 “ 1460 442,2 1455¢C 823446
E. 40 J7.0 =04 49047 780¢ Q2496 Ce9991 02.00564 Cas 5238 ~1e85 43440 1429¢5 748482
B 45 1840 =0404 43067 360 45023 Ce9991 0.00564 02548 =200 429.0 141362 360013
;
K
> 50 18.0 -0,04 49007 360¢ 45423 009991 0400564 042548 -Ze50 41201 13505 344415
i, 55 17+5 =04 04 49007 350e 43497 00999 0,00564 042478 =3+00 39640 12766 316429
3 60 35.5 =Ceda 4907 710e 89620 Ce9991 0.005%4 0450206 =2e25 3881 12374 621489
f 65 Ale2 =0,08 49047 8246 103452 049991 Ce0056& 045833 <350 3790 1196¢6 697498

70 4245 =004 49047 B50s 1C6473 009991 0400564 06017 =2e45 38le4 120443 724496

75 4140 =0.04 49047 820+ 10302 049991 0400504 045805 =2e4C 383.1 12131 704016
80 53.0 -0s10 48348 10604 133417 049991 0406566 Ce7532 =3.35 38448 12212 919486
85 Sl.2 =0.12 48842 1024 128464 049991 0400557 Ce7286 “2¢JC 38648 1229¢3 895.63
90 42,5 -0e14 48746 850¢ 1C6e78 04,9991 0400560 046055 =328 367.1 12325 746436
95 49.3 =016 437.2 936s 123637 049991 0400508 047033 =226 38747 12357 869.12

10¢ 50,0 -0.18 48563 1000s 1256€3 049990 040C569 07142 ~223 388.7 124045 885403
105 24.7 =0e2% 648547 534¢ 67409 049990 0.00570 043819 =3.20 3837 12645¢3 475456

110 3.4 =0s27 134,11 6Cde 76433 049990 0.0CST Ced354 ~22¢ 3897 1245¢3 542416

119 35.3 0624 e, 8 T00he 88459 249940 Ce0057) CeS062 ~2e2C 389.7 124543 630435

120 6.1 =0.25 43601 7224 90470 $.9957  0.00512 Oed18D =2e33 38545 12245 63%428

125 34.8 ~Ce 26 48343 096e Bleblh 047990 0s0C572 004997 = 4b 38le4 120449 602401

130 40,3 ~0+28 48342 804e 101426 009990 0.00573 045794 “247 38047 120146 695413

135 37.5 ~0.s3C 43244 150+ 94422 49990 (€4205871 0452398 =2e5C 379406 119606 635+ 94

18¢ 2445 =333 LLE LY 4%% 491456 049999 CeCC575 043533 =200 317640 1180e1 416493

145 16.9 ~0e37 43944 32Cs 40420 Ce9983 040051~ 242314 =2 7¢ 37240 1163e7 203423

150 7.5 =Ce40 479.5 150« 18484 049989 0,00577 0e.1087 -2e70 37241 1163¢7 126443

155 2.C =0442 4798 40 5403 0.9983 000573 0+0290 -4,70¢ 32742 10817 31438

169 0«2 =044 478 2 2. Ced 049989 0.00579 00 =8,7C 327.2 10017 0.C
TOTAL NOo OF CYCLES (INTEGRATED) = 955794750 CYCLES TOTAL WASS CINTEGRATED) = 14140 tBS
TOTAL NOe OF CYCLES (MEASURED ) 3 96093000 CYCLES, TOTAL ENTHALPY (INTEGRATED) 21459.594 ATUL
AVERAGE ENTHALPY OF FLOW = 1279.939 BTU/LE
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TABLE XXIII SOLID H2 MELTING TEST DATA

(RUN. NO. = 1T INLET TO CONTROL VOLUME)

THE FREVENCY EMFF EMFH BiF23 PIME TREQLEMY EMFF EMFH EMF23
(ser) | (H2) (MILWY) | (MILWY) | (MIL.V) (gEC) | (HZ) (MIL.V) ) (MIL.V) | (MIL.V)
0 221.0 8.10 -5.80 200 | 168.0 6.20 -0.60
5 210.0 8.36 -5.33 205 170.0 6.17 -0.4%0
10 150.5 8.60 -4.75 210 165.0 6.14 -0.20
15 | 2.0 8.34 -b.67 215 | 165.0 6.11 -0.09
20 150.5 8.10 -4,60 220 153.0 6.08 +0.03
25 153.0 7.92 4,55 225 155.0 6.03 40,03
30 | 164.0 7.75 -4.50 230 ] 155.0 5.99 +0.03
35 154.,0 T.67 -4.25 235 152.0 5.95 0.01
L0 159.0 7.60 -4.00 2ko 157.0 5.90 0.0
45 | 155.0 7.55 -3.90 2ks | 177.5 5.93 0.0
50 | 160.5 7.50 -3.80 250 201.0 5.95 0.0
55 | 165.0 T.43 -3.70 255 198.5 5.98 0.0
60 | 165.0 7.36 -3.60 260 203.0 5.80 0.0
65 183.0 T1.32 -3,h2 | 265 185.5 5.75 0.05
70 | 16k.0 7.28 -3.25 270 171.0 5.70 0.10
75 151.0 T.22 -3.62 275 169.0 5.65 0.15
80 | 156.5 T -h,00 280 169.0 5.60 0.20
85 160.5 T.13 -4.08 285 180.0 5.55 0.28
90 | 161.0 T.11 -4.15
95 170.0 6.99 -k.00
100 | 189.5 6.96 -3.85
105 | 194.0 6.92 -3.55
110 | 175.0 6.88 -3.2%
115 181.0 6.84 -2,70
120 | 160.5 5.80 -2.15
125 | 155.0 6.73 -2.37
130 | 166.5 T -2,6V
135 | 163.0 6.65 -2.60
140 | 169.5 6.60 -2.60
s | 179.5 6.56 -2.h2
150 | 194.5 £.52 -2.25
155 | 192.5 6,48 -2.07
160 | 197.0 6.44 -1.90
165 | 175.0 6.h1 -1.h47
170 | 1AL.0 5,37 1.0%
175 | 161.0 6.33 -1.h2
180 | 165.0 6.30 -1.80
185 | 1€9.0 6.7 -1.67
190 | 155.0 6.2, ~1.55
195 | 156.0 6.2 -1.07
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TABLE XXIII SOLID H2 MELTING TEST DATA (RUW NO. = 17 --- OUTLET FROM

ST e A e e S

-~ CONTROL VOLUME) (CONT) ;
- ‘_?5 !3.7 PSIA, FEOI TOYALIZER=z 175288, CYCLES, FQDO3z 2040 HZ/DIV, FQVva 7,96 HZ/CFM
4 TINE OF EMFF TEMF FQ voT C QHO ZMOT EMFr; TEMM H Zur
#y gggc» (DIV) (MIL.V) (DEG.Ql (HZ) {CFN) (XL ] {LB/FT3) (LB/UN) {(MILeV) (DEGeR) (BTU/ZLB) (BTU/MN)
E' ] 0.0 0420 49843 O Ce0 09993 0,0055% 00 1e20 52940 1769.0 Je0
% _ .8 1.5 0623 4992 150s 18484 0.9993 0400554 01044 Ceb5 51243 170840 173,30
10 1045 0.25 49949 2106 26038 049993 0,00554 Qe 1460 0.10 49541 16408 239643
15 14,1 0620 49643 282+ 35643 0,9993 0600555 061966 0el6 49740 164842 324,08
1801 0e15 _ 4967  362¢ 45448 009992 0400557 042532 €e25 49949 1659¢4 420416
29 2%.8 0407 49442 516G 64082 009992 0.00560 003627 Qel 6 497.0 1648+2 591.86

30 3241 _ 0e0 __ 49240 642+ B0e65 049991 0000563 044533 0506  493:9 163548 741449
35 733,5 =0405  430e4  670s B4e17 0,9991 0.00564 0e4746  =0s05 49044  1622+1 769.82
40 3645  =0410  488¢8  730¢ 91eT1 049991 0400566 045187  =0s15 48743 160998 835,03

_ 45 32,7 =013 48749 65%¢ 92616 049991 0.00567 044656  ~C.25 48B4l 159746 743487

AT PR,
i3

=0s16 48740  600s T%438 049991 0+00568 044280  =Ce35 4581.0 15856 678462
S5 324 _=0018 _ _ 4863 648 81e41 0s9990 0400569 044628  =0e40 4795  1579.7 73112
60 38el =0e20  485¢T 762+ 95473 049990 0.00570 05449  =0445 47749  1573.9 B857.66
85 4049 =0.23  484¢8 B18e 102476 0,9990 5.0057F 045861  =Ce63 472,33  1553¢4 910446
70 4500 _ =0e26 48348 900s 113407 049990 0400572 0.0461 -Ce80  467,1 153449 391470

S K Rt
('3
(-]
“
o
.
L-3

T8 4.2 ~0e30 48248 964e 12111 049990 0600573 06938 =0e96 46242 151842 1053436
80 49.5 =0e36_ 48047 990, 124037 0,9989 0.00576 0.715% -1el2 45743 1502.0 1074438
85 42,0 ~0e43 47845 860s 10553 049989 0.00578 0460695 =1423 453,9 149142 903.10
90 38.% =0e50 47604 770¢ 96473 069989 0400581 0e5614 =1leds 45045 1480e5 831.07
95 4heb =055 47448 ’_9893“!t§o56 0+9989 0.00583 046495 =139 44849 14756 958436

100 41,8 =060 47363 336¢ 105403 049988 0,00585 06136 =1e43 tA746 14717 902476
105 40¢5  =0e65 4717, 810+ 10176 049988 0,00587 045963 -1+51 44541 1963.9 872487
110 40,5 ~0s 70 47062 B810¢ 101e76 ©e9987 0.00589 0e5982 = 1460 442,2 14550 870.40
115 42.% “0e78 4677 B850e 106478 0.9987 0400592 0e6310 =160 4422 14L7,0 918413

120 20486 465.3 822+ 103427 049987 0400595 046134  —1.60 442.2  1455.0 892,52

9 _Alsl |

125 414 =097 46149 828s 104402 0.9986 0400599 0e6224 =160 442,42 14550 905455
130 40,3 =1.08 458¢5 B806e 101426 009985 0400604 046103 - 160 44242 145500 887+94
135 4041 =lel4 45647 802+ 100+7% 049985 0400606 046097 ~1460 442,2 1455,0 887.03
140 39.7 =1e25 453.3 T9% e 99475 049984 0,00611 0e6 81 =1.66 44043 164940 88t.14
235 3946 =137 46945 1924 2?330_ 0.9984 0400616 Oebtlb =1469 439.3 1445640 B84 36

150 39:3  =1¢50 445,84  T86e 9€.74 0,9983 0400621 046125  =1.72 4383  1443.,0 883.83
155 38,3 _ =158 44209 T6b6e_ 96423 049983 0000625 006003 <174 43746  1490.9 865406
160 3745  =1065  440e6 7507 94e22° 009982 0400628 005908  -—1.76 437.0  1438¢9 350.11
165 38,0 -1.77  A3647  760s 95.48 0,9981 0.00634 046040 =178 43643 143648 367.80
170 37e8 _=1490 43203 156e_ 94497 049981 0400640 046068  =1s80 435.7 143448 870459

178 37,3 =2.00 429040  T46e 93e72 0,9980 0400645 0.6034 ~1e83 43407 143146 863483
180 35.8 =210 42506  T16s_ 89495 049979 0.00650 045837 ~1.86  433,7 142805 83379
185 34,0 =220 422+2 58047785443 (49979 0400655 045588 =187 433,3 1427.4  797.57
190 33,8 <«2.30 41848  670s 84,17 0,9978 0400661 045550 ~1e88  433,0 1426¢3 791455
195 2945 _ =2440_ _415¢5__ 590s T4e12 0,9978 0400666 0.4926 =189 43247 142543 702412

200 2401 ~2450 41201  4B2¢ 60455 049977 0,00672 044057 “1.90  432,3 1642442 577,78
205 2640 =258 40945 _ 4804 60430 049977 0400676 044064 -1¢93  431.3 152009 51776
210 25,9 ~ =2.65 40732 TE18¢ 7 65408 049976 0400680 0.4412 =196 430,3 141746 625453
218 29,0 =2,77 403¢3  S580s 72486 72,9975 000686 0.4968 ~1.08  620,7 141544 706401

220 3043 =2490 39942 606e  T6el3 049975 04C0693 045265 =200 42940 141362 744409

225 32,2 =300 39640 6hhe B0e90 049974 0000699 0e5640 ~2,01 42847 141241 796436
230 J0.1 =310 392.8 602¢ 75463 049974 0.,00705 05314 =2402 42843 14109 T49.76
238 2404 ~3e20 3897 488¢ 6131 009973 0400710 0e4343 =206 427.0 1406¢4 610,71

0 21.5 =3.30 38664 430e 54402 009972 000716 03858 =2.10 42546 14037 540431
245 2044 =333 38545 408s 51426 009972 0.00218 043670 -2.13 L2446 1398.2 S13.13

250 19,4  «3.36 FBhe4  388. 48474 0.9972 0.00730 043499 =216 423.6 139446 488400
258 177  =3442 382e4 35k 44447 049972 0.007i4 03209 “2.17 423,3 13934 447419
260 16,2 <3448 3803  324¢ 40470 049971 0400728  0.2U83 2418  422,9 139242 Al1.18
265 1447 =349 38040  294¢ 36493 049971 0400728 042682 =2.19  422.6 1390.9 373.10
270 1042  =3.50 37946 364 45473 0.9971 0.00729  9.3324 w720  422,2 1389,7 461.96

215 2185 «3.55 377e8  430s 54402 049971 0400732 043945 -2e21 421.9 13B8.5 547.82
280 1840 ~3460 376¢0  380¢ 45023 049971 0400736 043319 =222 421,6 13873 450.48

283 0.0 =363 374l O 0s0 049970 0,00740 0.0 =223  A21,2 138640 0e0
TOTAL NOo OF CYCLES (INTEGRATED) = 1775894375 CYCLES, TOTAL WMASS (INTEGRATED) = 2,274 LBS
TOTAL NO, OF CVCLES tMEASURED ) = 1752884000 CYCLES, YOTAL ENTHALPY (INTEGRATED) =3348.254 BTV
AVERAGE ENTHALPY OF FLOW 2 14724245 BTU/LD
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From analytical considerations, a functionel relationship between an
overall heat transfer coefficient, the degree of subcool of the liquid and
superheat of the gas flowing in and out of the SHyp cryostat, and the ratio of
mass of heating vapor to mass of initial solid is predicted. A theoretical
functional relationship, however, cannct be found explicitly because of the
nature of the "econtrol volume" analysis; instead, test results were plovuud
which will permit finding such a relationship experimentelly. As it turned
out, plotting U, vs Y, with the gus superheat/liquid subcool ratio as a param~
eter is not very useful, since all constant gas superheat/liquid subcool
ratio lines are vertical lines intersecting the Y coordinate axis. This kind
of plot will not permit a unique determination of the overall heat transfer
coefficient, given a specified mass and superheat/subcool ratio. In other
words, these last two ratios are not independent of each other as was assumed
in the theoretical derivation. Because of this functional dependence, a
relationship between the superheat/subcool ratio and the mass ratio was de-
veloped through the use of overall conservation of energy and mass applied to
a contrcl volume including the initial mass of solid hydrogen. This explicit
relationship is given in the analysis section.

In Figure 9 we rave plotted the experimental velues and cbtained an ex-~
perimental relation.nip. Gas superheat/liquid subcool ratio vs. mass ratio
are presented in Figure 10. Given a specified gas superheat/liquid subcool
ratio, one cCetermines Y from Figure 10. With Y, Uyqpp is determined from
Figure 9, from which Uy can be obtained. The exponents used for the dimension-
less terms were chosen from actual dete in an effort to reduce the spread of
experimental points. A least square fit was finally used to be able %o arrive
at a simple reletionship between U,,,p and Y. The correlation finally obtained
is given as

4

_ - Oy M
Upopy = 0-09582 - 0.50769Y = U_ (=2} (5) (i—) " (19)

corr o

lalp“’al

(o]

£=1.05m=9,7367; n = 0.5211;

where
U = T§<O) ASE Bt
° agx (T-T) hr-£t2-0g
(20)
_ total mass of entering gas
" mass of initial solid
5. EVALUATION OF MELTING EXPERIMENTAL DATA CORRELATION
As described in the perametric anslysis section,
T. 4 P m L n &h
- 1 %} s o
U (=) () (%) = E, (¥, 55 (18)
© To - D0 e éh&
T
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SUPERHEAT/SUBCOCL RATIO = —
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MASS RATIO = W
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F1G. 10 SH, MELTING, SUPERHEAT/SUBCOOL RATIO VS MASS RATIO
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furthermore from Equation (14) we obtain

ffg _ inlet gas superheat

§h, ~ outlet Iiquid subcooling ~ 3 (¥) (21)

Finally one arrives at

T. £ P m Ls n
U 7 ) G = 1)
o

(22)

Where the exponents £ , m, n are to be obtained from the experiments. This
type of relationship is presented as Eq. (19).

The exponents £, m and n were determined by systematically reducing the
data to a best fit curve; maximum deviations frem the best fit curve usually
correspond to runs for which some experimental information was missing and
had to be obtained by extrapolation, thus making the accuracy of these calcu-
lated values somewhat questionable. On the basis of a detailed analysis of
each run a maximum deviation of # 40% is considered possible; about 50% of
2ll runs were correlated by Eq. (19) within * T%.

The error estimate for the above correlations can be traced to measure-
ment errors as described in the calibretion section and to errors due to
analytical assumptions, such as the negligible heat leak into the cryostat;
from instrumentation considerations one may expect errors of about 15%; to
properly determine the error associated with heat leak into the cryostat a
comparison between the theoretical vs. experimental superheat/subcool ratios
obtained as a function of mass ratio will be required.

Under normal circumstances, i.e., single phase flow in and out of the
cryostat or with the help of a vapor quality meter for the case of two phase
flow, the above error could have been easily estimated. Unfortunately, be-
cause of the design of the cryostat and transfer line, the drained liquid
was exposed inside the Hp Dewar to the incoming hot gas; this additional heat
leak into the 1/4" liquid withdrawel line running approximately 48" from the
bottom to the top of the inner Dewar contributed to the vaporizing of the
liquid being drained.

In the absence of a vapor quality meter we made use of the analytically
derived adiabatic energy equation and the experimentally measured mass fluxes
to arrive at the relation between the superheat/subcool and the mass ratios
respectively. Obviously the heat quantity that went into the liguid was ex-~
tracted from the gas which ultimately resulted in a longer meliing time for
the solid.

The net result of tlie above effects is an overestimate on the total mess
of heating gas which in turn represents an overestimate of the total mass of
liquid and the melting time. It was felt that the time rate of draining mess
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of liquid was not affected considerably, because of the balanced nature of the
two effects.

6. SCALING-UP OF EXPERIMENTAL MELTING DATA

Th: correlation presented inIV, U was obtained from analytical considera-
tions involving overall mass and 2nergy equations and experimentally deter-
mined melting data. As such it represents a general formulation applicable
to a specific melting scheme, namely melting of solid hydrogen at the melt
temperature with superheated gaseous hydrogen in contact with the solid
both at the top and the sides.

The experimentally obtained exponents affecting the given relationship
may be characteristic of the melting apparatus used; this apparatus as de-
scribed in Appendix (A) simulates to a certain degree the geometrical and
thermal characteristics of a typical cryogenic tank; thus one may expect
these exponent values to change, as one proceeds to scale-up the melting data
to flight type tankage situations; the degree of change on the values obtained
from the melting data of this program is not considered to be substantial
because of the actually simulated tank characteristics; for actuel tank con-
figurations other than the simulated ones in this program, specific values
of these exponents will have to be experimentally determined.

Use of Eq. (19) for scaling-up involving tank configurations resembling
the cryostat used in this program is considered to be appropriate and on the
conservative side. To be able to use Eq. (19) one may specify the degree of
superheat/subcool ratio, and with the help of Figure 10 find Y; with the
specified value of Y, from Eq. (19) one obtains Uyopp, from which we can
solve for Uy once the thermodynamic and geometric dimensionless ratios are
specified. From (16) we solve for t* (melting time) after initial mass of
solid and total heat transfer surface have been fixed. The temperature
difference in (20) is fixed once the degree of gas superheet has been speci-
fied; the total gas mass flow is obtained readily since Y is known, fron
which M;, the entering mass of heating gas is obtained, a simple overall
mass balance then permits obtaining the totel mass of liquid to be drained;
liquid drainage rates are obtained by averaging the total mass of drained
liquid over the drainage time. 1In selecting the superheat/subcool ratio, the
liquid subcooling is always fixed by the liquid inlet condition to the engine.
Selecting a gas heating temperature automatically fixes the gas saperheat and
the temperature difference used in the overall heat transfer coefficient UO,

The above formulation also permits finding the required total mass of
gas needed to melt a specified initial mass of solid, within a proscribed
time once a total mass of liquid feed to an engine has been fixed. This
determination involves a trial and error type solution.

For the purpose of illustration, the scaling-up of the melting data to
an 8' diameter x 16' length cylindrical tank, containing 4410 1lbs of solid
hydrogen, subject to a total of 147 1b of heeting gas at 3LOPF inlet gas
condition was analyzed using the relationships found experimentally in this
program. The results indicate that about 5C minutes is required to melt such
a mass of solid, The equivalent liquid withdrawal rate is about 150 GPM.
These results were obtained without the help of heal transfer surface other
than that exposed to the gas. By allowing ithe gas both to impinge the solid
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directly and flow inside a heat exchanger in contact with the solid, pre-
liminary calculations show that an improvement on the liquid drain rate
over the above calculated values of one order of magnitude is possible.




SECTION V
CONCLUSIONS AND RECOMMENDATIONS

Measured thermal conductivity and thermal diffusivity of bulk (non-
annealed) SHy'was found to differ from reported values of carefully annealed
crystals, a factor attributed to visible imperfections in the solid. Consid-
erable disagreement is noticeable especially during the cooled down phase,
when rapid subcooling of the solid cause hairline cracks throughout the solid.

The determination of the melting characteristics of solid hydrogen re-
quired the experimental measurements of thermodynamic parameters, {thermophysi-
cal properties and fluid flow rates needed to characterize the melting of
so0lid hydrogen in terms of an overall heat transfer coefficient, operating
conditions and tank geometry considerations respectively. From these measure-
ments, it was possible to arrive at an experimental correlation which permits=-
the scaling up of the melting data to flight type tankage situations. Im-
provements on the obtained correlation can be accomplished by & more thorough
analysis involving the differential field equations for conservation of mass,
momentum and energy for the three fluid phases involved.

As expected, reasonably high melting rates were obtained, a result attrib-
uted to the exceptional thermophysical properties of the material and its
thermal behavior. These high melting rates are lower than those required fo.
booster epplications, but the potential exists for improvement to the desired
levels,

Because high melting rates are possible, it is expected that SHo can be
successfully used as a fuel in a rocket propulsion system in place of liquid
hydrogen.

No attempt was made to improve the melting characteristics of the solid,
but it became evident the¢ higher melting rates are possible permitting im-
pingement of the gas on the solid and by increasing the heat transfer surface
througn the use of heat exchangers. It is recommended thet means to improve
the solid melting rates be investigated in conjunction with a more refined
thermodynamic analysis.
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APPENDIX (A)
SOLID HYDROGEN FACILITY
Existing
The Grumman H, facility is located at the Calverton site., This area is
suited for hazardous testing and is situated so that it yields no hazard to
other activities. Originally erected as a rocket test bay, it presently

houses the Air Force-sponsored study of the melting characteristics of Sh,.

Building Services

The 16 x 20 foot test bay is heated and has adequate water, electrical
power, and high pressure air supply to meet the experimental needs of present
SH, programs. It is equipped with anoverhead crane (l-ton capacity) with a hook
height of 16 feet.

Safeyy Systems

The structure is enclosed with a frangible roof and a frangible front
wall, Figure (A-l.) The test cell contains the following permanent safety systems.

¢ Roof exhaust fans - sized for one air change per minute.
e Hydrogen detectors - "Davis" type approved for H, gas environment.

e Aluminum grate floor over rock fill for continuous electrical giround
system and fast evaporation of spills.

e Ilarge (6 inch) vent line for emergency dump of liquid charge and two
1 inch vent lines for normel vent. These vent systems are equipped
with check valves to prevent back flow of air into the H2 system.

Cryogenic Systems

Adjacent to the test bay are concrete pads for storage of LH2 and
LNo dewars. Transfer of liquid hydrogen is accomplished through vacuum
jacketed lines from this pad to the test dewar, across a reinforced con-
crete wall., Also located outside the test bay are the electricel smpply
panel, auxiliary vacuum equipment and high pressure gas supply for nitrogen,
helium and hydrogen.

Modifications

Determination of the melting characteristics of solid hydrogen required
modification of the existing facility which is also us2d for the thermo-
physical determinetion.




FIG. A-1 GRUMMAN SH, FACILITY

A-2




Sgape

[ - e e
e iiale st RR s L

JERTRE

oot S

" AT ppih AP o T TN

e

Selection of line sizes, valve and regulator sizes, flow meter ranges, va-
porizing and differential heating heat exchanger and instrumentation require-
ments necessitated determination of liqud drainage flow rates. A simplified
analytical model for the simulteneous melting and vapor process was developed,
postulating vertical laminar liquid film flow adjacent to the solid suface,
(10). On the basis of this model and from available pressure drop for flow,
line sizes and hardware components were selected; modified items both for the
SH2 cryostat and the flow box are described below.

Description of Apparatus (See Figure A-2)

Located inside the test bay is the cryogenic test bench consisting of:
(1) SH, cryostat, (2) flow box, (3) operating panel and data acquisition

system. In addition, portable 150 liter LN2 and 500 liter LHe supply dewars
are available inside the facility.

(1) sHp Cryostat

The hydrogen cryostat contained in an aluminum safety box is an
assembly consisting of (a) one cylindrical vacuum jacketed glass
hydrogen dewar, (b) one cylindrical vacuum jacketed glass nitrogen
dewar, (c) a liquid helium heat exchanger, (d) a modified liquid

hydrogen withdrawal line, (e) a high vacuum system, and (f) instru-
mentation.

The vacuum Jacketed glass hydrogen dewar is a 17 liter capacity
container when unassembled; however, when the liquid helium heat
exchanger, LH, withdrawal line, and instrumentation are assembled

together into the H2 glass dewar its net volume is reduced to 16.1
liters.

The hydrogen dewar is a modified "Lat Glass Inc." flesk model LG-
7642, 6.25" I.D. x 8.25" 0.D. x 42.5" overall height, silverized

on both surfaces facing the vacuum annuli, except for a 5" wide front
view port and a 1" wide rear view port running from top to bottom
respectively. The top of the vessel is fitted with a standard 6"

pipe flange to permit supporting the entire H,.dewar assembly from
a 11" stainless plate. “

The dewar has been volume calibrated for different liquid levels

from top to bottom. These liquid levels have been engraved as
circumferential lines on the outside surface of the H2 devar.

The glass H, assembly in turn is nested inside another dewar flask,
referred as the nitrogen dewar: this container is 10.625" I.D. x 12.0"
0.D. x 40" overall height, cpened at the top and non silverized to
permit visual access into the inner H, dewar; the annuli formed be~
tween the two concentric dewars is fiiled up with LN, which acts as

s refrigerated shield to the inner dewar, helping to minimize the
environmental heat lesk flux into the experiment. Liquid level con-

trol of the LN, bath is accomplished automatically by means of a lig~
uid level controller.
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Nestled inside the inner glass dewar is the liquid helium heat
exchanger (c), 1" diameter x 1.5" diameter x 36.5" long double
pipe stainless steel freezing exchanger supported from the top
support plate., Its purpose is to freeze the adjacent LH,.bath
into which it is submerged, using LHe as refrigerant. LHe is ad-
mitted through the top of the inner pipe following downwards to the
bottom of the exchanger where it reverses direction and flow up-
wards in the annuli formed by the two concentric pipes. The exite-
ing vapor at the top is finally vented out

Surrounding the vent line of the heat exchanger there is a metal
shroud with provisions for flow of LN,.refrigerant to minimize con-
ductive heat leaks down the wall of tﬁe heat exchanger after freezing
of the LH,.is completed and the flow of LHe is stopped. An addition-
al two, concentric, polished copper shields, parallel to the top
support plate are brazed to the LN, .refrigerated metal shroud sur-
rounding the heat exchenger vent line. These refrigerated radia-
tion shields help protect the solid hydrogen from thermal radiation
emanating from the ambient connected top support plate.

Also loceted inside the inner glass dewar is the modified LH,.with-
drawal line (d). This line made of 0.25" o.D. stainless ste€l
tubing runs from the bottom of the Hy-dewar to the top support plate
vhere it exits after becoming & 1" 0.D. vacuum Jacketed transfer
line. Outside of the safety box this trensfer line becomes a 2.0"
vacuum jacketed line with a 0.5" 0.D. LH,'inner line. The LHp'
withdrawsl draining line permits the liquid sccumulated on the
bottom of the Hp'dewar which results from condensation of the heat-
ing gas and melting of the solid; the drained liquid is transferred
through the 2" vacuum jacketed line to a flow box where the liquid
volumetric flow rates are measured.

In the assembly of the LHy'withdrawel line care is taken to allow
the line to rest agsinst the glass wall and to reach down until it
almost touches the botton of the H2~dewar. During the freezing
period GHe is introduced into thisg Jine and the gas bubbled through
the liquid until freezing of the liguid adjacent to the tip of the
tube takes place. In this way one guarantees, unplugging of the
line by not permitting liquid into it which may bleck its eatrance
and meximum drainege respectively. If blockage is present prior

to drainage, spplication of heat acrcss the glass wall and into the
tube is required.

The high vacuum system (e) consists of two 4" water cooled diffusien
punps with theilr corresponding 5CFM forepumps, manifolding and con-
trols. These systems are assembled and nanifolded together to per-
mit high vacuum pumping of the vacuum Jackets of the glass dewars,
the Sﬂe-dewar agd all lines connected to the apparatus, Vacuums
better then 10~ torr have been obtained for this experimental appa-
rabus.
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The SH, experiment instrumentation is located inside and outside

the Hy dewar. Its main purpose is to mermit temperature and

pressure measurements at different locations. These measurements
invoulve recording of the solid hydrogen temperature distribution,
incoming hot gas and outgoing liquid product. Temperature measure-
ments of the solid hydrogen are used for the thermophysical pro-
perty evaluation of the solid. Temperature measurements of the flow-
ing fluids, in conjunction with flow rate measurements are used to
evaluate the melting characteristics of the solid hydrogen.

Interior temperature instrumentation is arranged at different loca-
tions throughout the H, dewar; to facilitate its mechanical support,
two thermocouple spacers were designed and attached firmly near

the top and bottom of the LHe heat exchanger; these spacers consist-
ing each of one invar ring with four (4) equally distanced, symmetri-
cal radial spokes Jig bored at three fixed radiis, riling on a nylon
bushing properly clamped to the outer periphery of tie LHe heat
exchanger permit the support and controlled spacing of three nylon
strings per radial spoke used to support the various thermocouples
cold measuring junctions.

A total of 12 nylon strings arranged in a cross like manner were
used. In addition, a nylon "spider" assembly properly supported

at the base of the heat exchanger continuously maintained all the
nylon strings in tension to avoid slacking and possible change in
the radial dimensions of the T.C.'s locations. These locations are
very critical during the thermophysical experiments and small varia-
tions in the radial temperature gradients due to radial distance
variations may introduce serious errors in the thermophysical pro-
perties teing investigated.

Because of the range of temperatures existing throughout the experi-
ments the use of different T.C.'s material was required. For in-
coming hot gas the use of chromel-constantan T.C, wire (Type E) was
indicated. This wire material was alsc used for outgoing liquid
product because of the availability of sheathed wire which allowed
for a more rugged operation.

For low temperature measurements of the SH, two kinds of temperature
sensors were used, namely thermocouples and resistance thermometers.
Gold, (0.07%) iron-chromel wire 0.005" thick was used for the ther-
mocouple sensors. Germanium thermistors were used to help calibrate
the thermocouples. These thermistors had been calibrated previously
against known standards, see reference (11). Actual locations of
teﬁperature instrumentation arrays can be seen on Figures A-3 and
A-4,

Array numbers 1, 2, and 3 were assigned to gold, iron-chromel cold
Junctions, in such a way that array no. 1 faced the front window of

the cryostat while arrays nos. 2 and 3 were located at 90° angles both

to the left and right of the front window.

A-6
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In total, 20 thermocouples were positioned throughout the solid. In
addition, an array of 4 germanium resistors were located 180° from
array no. 2. Type "E" thermocouples nos. 23 aand 24 were located at
the top of the solid, slight below the bottown copper radiation shield;
these two thermocouples measured the vapor temperatures above the
solid. Temperature recordings were alsc made on the inlet and out-
let piping tc and from the cryostat, using Type "E" thermocouples.
Their location can be scen From Figure A-2.

Pressure measurements for the solid hydrogen cryostat are obtained
through the use of overlapping pressure measuring instruments
runging from ionization - vacuum gage tubes, to thermocouple_gages.
to absolute pressure Wallace~Tiernan bellow pressure gages (0.1 mm
te 100 mm Hg range) to compound (30" -C-15 PSI), helicoid pressure
gages.

In addition to the above instrumentation, the SHo'cryostat was modi-
fied by the addition of gas and liquid heaters and controllers., These
heaters and controllers allowed heating of the incoming gas to a
prescribed temperature and its control thereafter. Heat exchanger
HE 1 is made out of several lengths of 3.5" 0.D. stainless steel
tubing .ounnected in series, externally wrapped with stainless steel
strap heaters with a total heating capacity of 6.3 KW. An "Alnor"
py-aaiae solid state controller (0-4O0OF range) was used for con-
tr:iling these heaters. Heat exchanger HE 2 is made out of several
langths of 2.5" 0.D. stainless steel tubing connected in series,
externally wrapped with stainless steal strap heaters with 2.5KW
total heating capacity. A "Love" ccntroller with variable voltage
regulation was used in conjunction with these heaters.

Flow measurements of incoming gas to the SHo'cyrostat were made with
a COX model CRL-8 (1/2") hydrogen gas meter with a flow range of 2°
to 10 ACFM. This meter is a cryogenic turbine flow transducer type
with 1.0 PSI pressure drop at maximum flow rate, calibrated with
air at ambient temperature. Continuous temperature recordings of
flow past this flow meter were made to permit correcting flow mea-
surements due to temperature variations. In addition, a wet test
meter FM-8 was used to measure the total volume of possible vented
gas due to overpressurization of the cryostat. This meter is an
American Meter Co., model AL-19, 5 to 80 CFM capacity with tempera-
ture correction capasbility.

Flow Box

This is an assembly of two flow meters and corresponding piping con-
tained in an aluminum box, purged continously with gaseous nitrogen.
Three front windows permit observation of the flow regimes past the
low meters exiting through a clear glass tubing section. The dis-
charge end of the LHy withdrawal line, carrying the liguid drained
from the SH, cyrostat, is a 1/2" x 1/2" diameter superinsulated
vacuum jecketed transfer line terminating in a piping manifold in-
side the flow box. This manifold feeds three separate flow loops,
namely a liquid, a vapor, and chill down and by-passing, piping

A-9
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systems respectively. Proper valving permits distributing the flow
for the required flow configuration.

Flow meters to measure melting and condensing experimental flow rates
are located downstream of the flow distributing manifold, one for
the liquid branch and one for the vapor branch., In the liquid
branch, liquid product from the experiment is measured directly
without a change in phase. The liquid flow meter used for this
measurement is a FM=-2 COX model CRL-G (1/2") LH, meter with a flow
range of 1.5 to 15 GPM, with 6.5 PSI pressure drop at maximum flow
rate. The discharged flow from this meter, is vaporized and the
gas vented to atmosphere via a common vent header. In the vapor
branch, liquid and vapor product (two phase transfer) from the ex-
periment is converted to single phase gas prior to flow
measurements. AN FM-3 Cox Model CRL-20 (1 1/L4") hydrogen gas meter
with a flow range of 8.5 1o 85 ACFM, with 1 PSI pressure drop at
maximum flow was used fcr this measurement determination; the ex-
haust from this meter was vented to atmosphere via a 1" vent line.

Above flow meters are of the cryogenic turbine flow transducer type,
calibrated by the manufacturer with water, and 20 PSIA ambient tem-
perature air respectively.

Data Acquisition System

The data system is capable of recording 22 Gold. Iron-Chromel thermo-
couples, ! Germunium thermistors and 2 flow meter outputs. The
system block diagram and equipment layout are shown on Figures A-5S
and A-6. It consists of:

(a) Gold, Iron~Chromel Thermocouples (See Figure A-T)

Emf's generated by the thermocouples are picked up at their ref-
erence junctions which are maintained at LNo-temperature, by

two conduction shielded wires and fed to an ocutput junction patch
panel. A total of eight thermocouples can be patched into high
gain differential D.C. amplifiers (Preston model 8300) per test.
The conditioned output signals are then made to drive potentrio-
metric type strip chart recorders (Bristol).

(b) Chromel-Constantan

Same as above.

(c¢) Germanium Thermistors (See Figures A-8 and A-9)

Variations in resistance due to temperature changes are converted
into omf signaels by a constant current in a series circuit. These
signals are fed into high gain, D.C. differential amplifiers and
then made to drive strip chart recorders (Bristol) as described
previously.

A-10
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(d) Flow (See Figure A-10)

Sinusoidal signals of varying amplitude and frequency as func-
tions of flow rate are generated by turbine type flow meters.
These signals are fed to D.C. converters (Andadex PILOO) where
they are translated into analog and pulse outputs. The analog
D.C. signals are fed into strip charts (Hewlett Packard) where
pen displacement is made proportional to flow rate. The pulse
outputs signals are fed to EPUT meters where totalized flow can
be recorded. (Beckman)
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APPENDIX (B)
EXPERIMENTAL DATA REDUCTION

Acquisition of data has been described previously. Data can be classified
according with the type of measurements involved, namely flow and temperature
measurements for the melting experiments and temperature and time measure-
ments for the thermophysical experiments.

Melting Experiments

The melting experiments as described under test procedures, involved measure-~
ments of incoming and outgoing fluids to and from the cryostat and the flow
box. Mass flow rates and enthalpies of the flowing fluids were specifically
measured., Calculation of either the incoming or outgoing mass flow rate was
achieved by obtaining the product of volumetric flow rate, 17 , and density,

p 3 furthermore, frequency, f, generated by the flow meter is proportional
to the volume flow rate, thus

U= ef (23)
vhere ¢ ig the proportionality constant which is unique for the given flow
meter. When the calibration reference temperature is different from that of
the actual condition, a correction factor c, should be applied, (see Figure

B-1) .
VC = Co Cf ) (2“)
Since the hydrogen density, » , for the temperature and the pressure ranges

experienced by the flow meters cun be expressed in the jdeal gas form, one
can have

P
£ =5 (25)
where R is the gas constant of the hydrogen. If we express the temperature,

T, in terms of the emf output, e, of the thermocouple, the temperature can be
written as a function of e

T=206 (e) (26)

then the instanteneous mass flow rate, ﬁ, can be put into the following, from
equations (21) through (24):

_ . c¢ccpf (27)
= PO = Rg (e
B-1
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TABLE B-1 - THERMODYNAMIC PROPERTIZS OF HYDROGEN USED IN THE CALCULATION
, Internal Energy of Solid, Ug = -157 Btu/Ib. @ 1 atm and 24,9%R
i Latent Heat of Fusion, \gp, = 25 Btu/Ib. @ 1 atm
; Latent Heat of Vaporization, )‘LV = 191.3 Btu/Ib. @ 1 atm
; Ges Enthalpy at Boiling Point, h;“’ = 81.3 Btu/Ib. @ 1 atm
‘ \ Liquid Enthalpy at Freezing Point, ‘)S'L = =132 Btu/Lb. @ 1 atm
Boiling Point @ 1 atm, T = 36.5 Degrees Rankine
Freezing Point @ 1 atm, T = 24,9 Degrees Rankine
E * Computed from the values tabulated in the N,B.S. monograph
3 94 para-hydrogen data.
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The total mass, My recorded during the melting period was computed by means
of integrating the mass flow rate over the period, t¥*, utilizing the trape-

Y S B S
s

» zoidal integration rule.

A ;, t, d [ . 1:0--1. J= i)z

E ! M= (dt = at[T(i,eig) + ) ) (28)

s : ' 0 0 ,
. :

% % where A t is the integration interval of t¥/H.

In the experiment, two flow totalizers, one for each flow meter were used in
P addition to strip chart recorders. The totalizers total the number of cycles
i from the frequency output of the flow transducers over the melting period.

F The total count N ,, registered in each flow totalizer was compared with the in-

3 ; tegrated value of frequency over the same period in order to ensure the

4 accuracy of integration. ‘The total number of cycles was obtained from \
| t

‘ ‘ i=n-i
¢ N, = gf' dt = At[z-(fof-fn) t ) {i] (29)
0 {

If it turned out that the integrated value N

differed from the measured one
NM by a small amount, the integrated value o

% Mﬁwas corrected proportionately.

z Because the incoming hot gas flow meter malfunctioned vweccasionally, its read-
ing was usually compared with the value obtained from the overall mass balance
equation, if the recorded reading was lower than the csclulated one it was ig-
nored and the calculated one used for computation purpce¢es. Extrapolating

criteria was developed from recording behavior of previoms and subsequent
runs.

o o

The average enthalpy over the melting period was calculated from the expression

RS A o

i=n-1
- R Ab . - un X
g ih ap = &2 { 5 (i thn ) + Lmihi} (30)

0 1

To calculate the above expression, it is assumed that enthalpy is a function of
temperature only. Knowing temperature variations with time will permit a
complete determination of h; temperature variations with time can be obtained
from thermocouple information in the form of emf vs. time; from calibration
charts one obtains temperature versus time plots as shown in the tabulated

data section; values of (h, ) were calculated for all incoming hot gas cases.
/ Because the exiting fluid from the cryostat was mostly two-nhase, the average

4 . enthalpy was calculated by employing the overall energy and mags equations as
9 ; given by (6) and (9).

g ! R e A Y {" ]
- T [ B+ w0 g0 (31)

The average rlow temperavure has been calculated from knowledge of the aver-
age flow enthalpy and the use of enthalpy vs. temperature curves.
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Specific values of thermodynamic properties used in this calculation ere
b tabulated in Table B-I.

Thermophysical Property Determination

Experimental data was reduced using temperature calibration curves obtained
from calibration runs as described in the calibration procedures section.
Initial data was obtained every ten secorés for the duration of each run.
Because of the uneveness, in the tempersture profile and the thermocouple
array spacing, specifically between the heat exchanger and first nylon

strong and last nylon string and glass wcll respectively, use was made of a

. least square fit technique which smoothed-out the experimental values in

the radial direction and permitted choosing an equal radial grid spacing for
purposes of computer programming. A Lagrangian interpolation technique

i for both space and time coordinates was then used to permit arbitrary selection
of time and space grid sizes compatibvle with finite difference, numerieal
solution stvability criteria. For tne four runs chosen it was found that five

4 second time intervals and 0.216" space intervals guaranteed computational
5 stability and reasonasble accuracy.
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APPENDIX (C)
CALIBRATION PROCEDURES

Two types of measurements were used throughout the experiments, namely

temperature and flow; temperature instrumentation made use of thermocouple
wire,

Type E, T.C., wire was used for measurements involving flow traperatures;
g0ld, iron-chromel wire was prescribed for the determination of temperature
profile at selected interior and boundary points of the solid. Recause of
the nature of temperature excursions on the solid and the time transients
associated with such measurements, a very thin wire (0.005") was selected
and a calibration procedure developed so as to be able to calibrate each
thermocuple individuelly. Type E thermocouples were manufactured and cali-~
brated by the Cmegs Engineering Company and their curves iisad in the reduc-
tion of the experimental data, (see Figure C-1).

For the gold, iron-chromel thermocouples the calibration consisted in
locating all the wires inside the cryostat which permitted in place calibra-
tion of the individual thermocouples; in this way we prevented the introduc-
tion of spurious emf's due to handling of the wires after calibration was
completed, which is the usual case if one decided to use the wire manufactur-
ers calibration curves or the average calibration curves available for this
particular type of thermocouple from the Nuiional Bureau of Standards.

As a secondary standard temperature »aference use was made of four ger-
manium resistors, which have been calibrated previously, (11) all traceable
to NBS primary standard reference temperetures. rhree germanium resistors
were used, one for each nylon string on whizh the cold measuring functions
were located and one other in the Jiouid nitrogen reference bath, The first
series of calibrations were made wi.th a gold, 0.02% iron-chromel wire but had
to be rejected because of the lack of repeabobility due to temperature drift
with time., This necessitated the complete r2-wiring of the cryostat with a
more stable wire containing a higher iron content; this wire is designated as
gold, 0.07% iron and is manufaciured by Sigmund Kohn Inc,

The second serles of thexmocouple calibrations was successfully accom=-
plished and repeatability avsured. The technique consisted in chilling the
cryostate to liquid hydrogen temperatures first, after which the system was
allowed to stabilize for about 24 hours until all germanium sensor readings
indicated no temperature stratification throughout the medium; to accomplish
this effect liquid hydrogen was allowed to bubble vexry slowly from the

bottom up; once agreemrnt of temperature and pressure was obtained with NBS's

known standard thermodynamic charts for LH,, liquid helium was introduced into

the LHe heat exchanger and ccol-down of the LHp bath was initiated; at NPT
conditions the emf output of each '".C. was recorded and the corresponding
temperature assigned to it, Cool cown of the bath continued until triple
point was obtained as confirmed by the temperature measurements of the re-

sistors and the absolute pressure measurements of the Wallace-Tiernam
pressure gages.
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Visual inspection also permitted confirmation cf this temperature since
the growth of the ice layer could be followed until it reached bt,th the parti-
cular T.C. and germanium resistor, located symmetrically 180" apart from each
] : other; to the corresponding measured emf of each T. C, the triple point
temperature was assigned. The process was continued in a similar fashion as
the solid was subcooled down to almost liquid helium temperatures. To help
smoothing-out of the calibration curves, use was made of the NBS standard cali-
; bration curves es shown in Figure C-2. From this graph it can be seen that all
3 T.C. curves differed from the NBS curves, and that only two of them had
} identical calibration curves, These curves were used in the actual data reduction
3 of the thermophysical property expe:iments,

-§ Flow measurements required calibration of flow meters, both for gaseous
) ‘ and liquid flow. Meters FM-1 and FM-3 are used for gas and FM-2 used for
liquid. These meters manufactured by the Cox Instrument Company are of the
turbine transducer type. The meters were originally calibrated by the vendor
using air for the gas meters and water for the liquid meters. (See Figure-
(C-3 and C-14).

& The calibration and temperature correction curves are given in Appendix
‘ (A). On the basis of these calibrations the experimental data was reduced

. and corrected for all runs. It was found from these measurements that the

§ total mass of withdrawn liquid was in all cases smaller than the initial mass
\ of solid by as much as 65% which led us to doubt the manufacturers calibra-
tion curiés. As a consequence GAC recalibrated these meters using hydrogen
fluid and a new curve was determined for FM-3 as shown in Figure C-U. The
ensuing data reduction using the new calibration values showed the mass of
liquid in all runs to be larger than the initial mass of solid, by the amount
p of heating gas condensed as should be expected,

To obtain the new calibration values, LHp was allowed into the inner dewar
of the hydrogen cryostat; this dewar had been volume calibrated previously,
4 permitting filling the dewar to a known volume. The final volume determina-
tion was made visually across the front and rear cryostat windows. Having
% fixed a known volume >f LHp, to be removed out of the cryostat, the LHp was
; pressurized slightly and transferred out via the flow meter to be calibrated.
As the volume decreased differentially in the cryostat, time, cryostat vol-
E; ume change, and frequency output of the turbine meter were continuously re-
corded; from this information the new curve vas obtained.

E Calibration error is mostly attributed to the inustrument error inherent
in the pick-up and conditioning of the input signal generated hy the measuring
sensor.

For the temperature sensors, conditioning and recording instrumentation
used as described in the data acquisition system section, a * 8% error has
been estimated; flow measurements on the other hand account for about + 7%
estimated error.
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APPENDIX (D)

ESTIMATE OF TOLERABLE TEMPERATURE MEASUREMENT ERROR

The strong temperature dependence of solid H, (SH,) thermal diffusivity
necessitates accurate knowledge of the temperaturé levél at which it is being
evaluated. Prior to initiating the thermophysical properties experiments it
was essential that a relationship between temperature measurement errors and
the resultant error in the deduced value of a be established. An accurate
statement of this relationship requires accurate g priori knowledge of a as a
function of temperature. However, existing data for thermophysical properties
k, p and Cp permit determinatinn of an estimate of this relationship.

Simple analytical expressions fitting the available data for k and the
product PCp were established for 8°R < T < 24.8°R. The resultant expres-
sion for £ (o = k/ £/ Cp) is

L = 1.18 x 1010 p 813 o 2/

with T in degrees Rankine. Logarithmic differentiation then results in

adl _ dT
Thus a 1% change or uncertainty in temperature results in an 8% change
or uncertainty in a . Rearranging the last equation one obtains,

=l (AL
AT=-gTs () T
For a given percentage error in a , i.e., ( Aa/ a ) x 100, a relationship
between the allowable error in temperature measurement, A T, as a function
of nominal temperature level, T can be established. Based on the above calcu-
lations, the graph, Figure D-1, shows that an error of 10% in a requires
temperature measurement accuracy to within + 0,1°R at 8°R. At higher temper-
atures the requirement is not as stringent.
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APPENDIX (E)
A NUMERICAL SCHEME FOR THE DIRECT DETERMINATION OF K(T)

The thermal conductivity of solid hydrogen, K(T), appears as an unknown
function in the heat equation which describes the transport of energy through
the hollow cylindrical region in Figure A-3,

P@c (B - vk vr) (32)

Once the temperature T (r,t) is determined for the solid region, equation
(32) may be regarded as a single equation for K(T). However, the temperature
is actually measured only at a few positions and one therefore must resort
to a discriticized form of (32) over an interior net corresponding to
actual thermocouple positions. In this manner one obtains N equations for
N values of K(T,) as a function of the T,, i=1, 2, ..., N and the known func-

. i i

tions p (T3) C°(Ty).

The apparently severe restriction due to the instrumentation at relatively
few interior position may be alleviated through the use of an approximating
function, which would permit interpolation and extrapolation at arbitrary in-
terior points. In this form the resulting equation system is actually an
inverse finite difference approximation for the "coefficient" K(T).

Formel justification of the method may be given ty requiring that the
difference between the experimentally measured temperatures & (r,t) and the
temperatures appearing in the heat equation (32) be as small as possible, i.e.,

t /R
() = Hg[e (£,8) = T (0,65 K (1)) ar as > (33)
0 i minimum
Condition (33) 1s satisfied if the measured temperatures 6 (r,t) are
inserted intc a discriticized forr of (32) to obtain an equation system for
K(Ti) over each discriticized time increment.

From the heat equation ir cylindical coordinates we have

Pe _g_'z (.00 -1 %; [r x(T) _%_f] (34)

or by substituting

where
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we obtain
AT (Fyx®) _ 1
p(T) e (2) 5% 3 “E55) 3

or over the grid shown below

[ wes)xm ZE] Gs)

T

i-ljj 1+l, J ?
1,13
i-1,j+1 i, j1 141, j+l .
thus T =T (i,y )
: . il 3
‘H'i. J*"I' Ty - T3
P, "y o T) (37 ) =
1 - Jts 1 [ 3+1 J]
(f, +§) AT { (r1+—;; +§) Kivl 7587 (TypTy) (Ty49-Ty)
o~ . _ 36)
A N §) Ky 1 A% [(Ti T ) (T )
rearranging the above
] > 3 J » 1 * l
j+3 L R AL J+z J+3
P, e, ) ((Tl ;i) “Kpy A-Ky B -
2 AT2
vhere . ;
~ 1+ 1+
p = itk ) (T, - T,) +(T+-T.)]
i:rsi +S 5 i+l L i+l i
~ j +l j
(7 + b+ S5 .
=T, Y80 (@ -m) + @ -2
o~ j+]_ j
(T + 8 - éé‘_) ‘
= (Fi ¥ 5) [(Ti - Ti-l) * (ri. i Ti-l)
for
j- - 3, s e N"l
i=1,2, ...
N .lﬁ
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Second order interpolation is given by

it i3 © {38)
(K * K )

[V o

o

I+ I+k (39)
(K + K

i i-l)

=
Ofr= Wl
1
(o] | ond

then

(ko)
itz J+3 itk
= K A+K,  (a-B)-K B i

it

3, oo e N"'l

J =1, 2,
Second order extrapolation for the points at i =2, i = N is given by

3 (41)

-~
n
o+
LV Ve
L]
V1 oo
—
~
(WS
4
-~
N
—

and

_3
it Ky -3k (42)

1

- (O

J+ 1
My =2 Wy * )

Finally one obtains an (N-1) x (N-1) system of equations for the N unknown
conductivities i+
L

V)

g 1 :
. T WR LI 2 By
P, )c(T, )=K2 (E'EB)+K3 (3+35) 1=
2 AT
(43)
E-3
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0 ek (T -T) I3 2 &3 )
P, e ) =K1+1()+K
Ki-l (3)
2 {id{N
s 3 1 .
itz .
j+d 5 (TN - T ) Z 3 B A B (45)
Lz, ) Clry ) KN ( K‘N 2 G
2 AT {=N
The system of equations is tri-diagonal and appears in the form
r 3 4 4 N
al cl kl fl
by 85 ¢y Ko £
by 8y ¢ Ky = |5
bm-—l &1 cm-l km-l fm-J..
& bm am / L km y L fn‘[ ) (h6)
The solution mey be obtained directly after a factorization of the co-~
efficient matrix given by, )
’ ( ¢ ¢ )
K. b,e
bzazcz o b e IS . (47)
' =l 1 1=l be .
b a c' Ki biei H dl Kl 1 1. gl
e b be
bm a.m {Km‘ L bmem 1 kK,j m n: ;g"i
The solution is the obtained using the formulas,
F 2y di=cy /e g.=f,/¢
€1=8; = byd;
d1= Cl/ei i=2,3,. .m (hS)
b= (f; - bigi) /e
Km= &m
Ki= gy ~diKgyy --- i=m-1,...2,1
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